REGISTERED No. M. 3121 


PROCEEDINGS 


OF THE 


INDIAN ACADEMY 
OF SCIENCES 


mAR 10 1949 








VOL. XX VI] SECTION A 











SYMPOSIUM OF PAPERS 


ON 


THE VIBRATION SPECTRA 


OF 


CRYSTALS 











DECEMBER, 1947 


- 
I 





PRINTED AT THE BANGALORE PRESS, BANGALORE CITY, BY G. SRINIVASA RAO, 
SUPERINTENDENT, AND PUBLISHED BY THE INDIAN ACADEMY OF SCIENCES. 
BANGALORE. 








th 
Ta 

































THE VIBRATION SPECTRA OF CRYSTALS 
Part I. Basic Theory 9 


By Sir C. V. RAMAN 
(From the Department of Physics, Indian Institute of Science, Bangalore) 


Received October 31, 1947 


CONTENTS 


1. Introduction. 2. The Eigenvibrations of Crystal Structures. 
3. Some Illustrative Examples. 4. The Elastic Vibration Spectrum. 
5. Remarks on Some Earlier Theories. 6. Molecular Crystals. 7. An- 
harmonicity and Interaction of Vibrations. 8. Influence of Temperature. 
9, Summary. 

1. INTRODUCTION 

A KNOWLEDGE of the modes and frequencies of vibration of the atoms in 
a crystal about their positions of equilibrium is of the utmost significance 
for the theory of the solid state. For, such knowledge is complementary 
to that regarding the structure of the solid furnished by the data of X-ray 
and electron diffraction. These latter data enable the geometric positions 
of the atoms to be ascertained, while the modes and frequencies of atomic 
vibration permit of the evaluation of the forces which hold them together 
as a rigid structure. The study and interpretation of the vibration spectra 
of crystals is thus the pathway to a fuller understanding of the nature of 
the solid state and the elucidation of the physical properties of solids gene- 
rally. It follows that the theory of these spectra is a topic of outstanding 
importance for the progress of crystal physics. 


The problem of finding the nature of the vibration spectrum of a crystal 
may be approached from two different points of view. The first is that 
which bases itself on the known behaviour of elastic solids. Acoustic 
theory and experience alike indicate that a solid body has a whole series 
of normal modes of vibration determined by its external form and dimen- 
sions. These may be regarded as stationary vibration patterns resulting 
from the interference of elastic waves which traverse the interior of the solid in 
different directions and suffer reflections at its outer boundary. On this view, 
the frequencies of the modes would be determined by the length of the waves 
and their type. The problem of enumerating the possible stationary vibra- 
tions and of arranging them in a frequency scale is somewhat more compli- 
cated than the analogous problem for an enclosed volume of fluid, since 
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there are three types of waves instead of one as in the latter case, and since 
the wave-velocities in a crystal also depend on the direction of propagation. 
It is evident, however, that the general nature of the results would be similar 
iff the two cases. There would be a crowding together of the modes as the 
wave-lengths are diminished and the frequencies of vibration are corres- 
pondingly greater, their number becoming ultimately very large. Hence, 
the vibration spectrum would to all intents and purposes be a continuous 
one. It may be remarked that the method of enumeration of the vibra- 
tional modes in this manner according to wave-lengths or frequencies does 
not in any way compel us to take account of the discrete structure of the 
medium and in effect regards the latter as a continuum. 


The second point of view from which the subject may be approached 
is that in which we fix our attention on the movements of the individual 
atoms in the solid. The structure of a crystal is built up of a great number 
of units of very small size, all of which are exactly alike and each of which 
comprises a finite number of atoms. Since the range of the interatomic 
forces is also very small, the problem of finding the possible modes of vibra- 
tion of these groups of atoms is of the same general nature as that of finding 
the normal modes of vibration of a polyatomic molecule. The nature of 
the results to be expected would therefore also be similar, and the vibration 
spectrum of a crystal should accordingly consist of a finite set of sharply 
defined frequencies, each of which represents an exactly specifiable mode of 
vibration. The characteristic frequencies would be the same for every one 
of the vibrating groups of atoms, and hence in relation to the entire crystal 
must be considered as being highly degenerate. 


Thus, the continuum standpoint and the atomistic standpoint lead to 
conceptions of the nature of the vibration spectrum of a crystal which are 
radically different from each other. The two points of view are therefore 
mutually exclusive, and since they both appear reasonable, we infer that the 
ranges of frequency in which they are respectively appropriate are quite 
different. The continuum standpoint is the one which would naturally be 
adopted in considering the lower part of the frequency range comprised in 
the spectrum, while the atomistic standpoint is obviously the correct one to 
take up when we are concerned with the upper part of the frequency range. 
In other words, the vibration spectrum of every crystal is composed of two 
parts which are essentially different in nature, namely the atomic vibration 
spectrum properly so called which exhibits a discrete set of monochromatic 
frequencies appearing in the infra-red, and the elastic spectrum which is 
continuous and forms a low-frequency appendage to it. 
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The present paper has a two-fold purpose. In the first part, we shall 
present a theoretical discussion of the problem and justify the statements 
made above concerning the nature of the vibration spectra of crystals. The 
arguments put forward are simpler without being less rigorous than those 
contained in an earlier presentation of this topic (Raman, 1943). In the 
later parts, we shall review the experimental data for the spectroscopic 
behaviour of crystals as known at the present time and show that the facts 
are in complete accord with the theoretical ideas developed in the first part. 
Incidentally, we shall also comment upon the older theories of the subject 
which lead to the conclusion that the vibration spectrum of a crystal is a 
continuous one throughout the entire range of frequency. It will be shown 
that these theories are based on an extrapolation of the ideas derived from 
elastic solid behaviour into the atomistic field, and that such extrapolation 
is invalid and leads to results which are contradicted by the experimental 
facts. 
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2. THe EIGENVIBRATIONS OF CRYSTAL STRUCTURES 


The structure of a crystal consists of a great number of similar and 
similarly situated cells each containing the same number of atoms, and the 
clue to the spectroscopic behaviour of the crystal is therefore to be found 
in the properties of the group of atoms contained in the unit cell. In other 
words, we have to consider the possible modes of vibration of the group 
of atoms included in the unit cell, and the problem is therefore generally 
analogous to the theory of vibrations of polyatomic molecules. There is 
however a notable difference between the two cases arising from the fact 
that the atoms in the unit cell are not isolated from the rest of the crystal; 
it is clearly necessary to take account of the interactions with' the surrounding 
cells in so far as they affect the motion of the atoms in the cell under consi- 
deration. The frequencies of vibration with which we are concerned lie 
in the infra-red. Hence, the problem does not lie strictly within the scope 
of the classical mechanics. Nevertheless, as in the case of polyatomic 
molecules, we may hope that the methods of classical mechanics suffice 
to yield results which are in agreement with the facts in all essential respects. 
Also, as in the case of polyatomic molecules, we may in the first instance 
limit ourselves to the theory of small vibrations under harmonic forces. The 
modifications arising from the removal of these restrictions are, however, 
by no means unimportant. They will be dealt with later in the paper. 


In any eigenvibration of the atoms contained in the unit cell, their fre- 
quencies of vibration are necessarily the same, while the phases are all the 
same or opposite. In considering the interactions with the surrounding 
atoms, we may properly assume that this is true also for the atoms included 
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in the surrounding cells whose direct interactions with the*unit cell under 
consideration are of sensible magnitude. We proceed to find the cases for 
which these requirements are satisfied. 


The equations of motion of the atoms in a crystal for an oscillation 
proportional to sin wt take the general form 


mp bx, w= ZLI EY - ns (1) 
eee 


Here, m denotes the mass of an atom, while the co-ordinates &, », ¢ indicate 
its displacements parallel to x, y and z respectively. The suffixes k and / 
indicate particular atoms in the unit cell, where the suffixes r and s refer to 
particular cells of the lattice in which the atoms are situated. F denotes 
a force-factor, its up-er and lower suffixes indicating respectively the dis- 
placement of the partivu‘ar atom on which it acts and the displacement of the 
particular atom giving rise to the force. The triple summation must be made 
over the €, 7 and ¢ values of all the atoms in the crystal for which the force- 
factors are not negligible in respect of the particular atom under considera- 
tion; the size of the domain including all such atoms would depend on the 
range of the interatomic forces. We shall assume the crystal to be of suffi- 
cient size to ensure that its external boundary is very remote from the limits 
of such domain. To enable us to solve the set of 3p equations of motion of 
the p atoms comprised in the unit cell under consideration, we shall require 
to know the displacements of the atoms in the neighbouring cells which also 
appear on the right-hand side of the equations (1). To enable them to be 
found, we make use of the fact that in any eigenvibration, the equations of 
motion of the atoms included in these cells must also simultaneously be 
satisfied. Considering the atoms comprised in a cell adjacent to the rth 
which we denote as the (r + 1)th, their equations of motion would have 
the form 


k 
tga SEE: Feat © Wiss) (2) 
s n 


the cell index (s + 1) representing one adjacent to the cell of index s along 
the same axis is as that on which the rth and (r + 1)th cells are situated. 


Now the transitional symmetry of the crystal has the consequence that 
the force-constants for adjacent cells satisfy general relations of the form 


kr k(r+1 
Fon = Fy cy (3) 


Comparing equations (1) and (2) and taking account of the relations 
given by (3), we notice that provided general relations subsist connecting 
the displacement of equivalent atoms which are 
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either of the form 
£;, = Ee (r+y and , = Nl (s +1) (4) 
or of the form 


f= — ber 41) and m, = — Ns +1) (5) 


the 3p equations (1) and the corresponding 3p equations (2) would become 
identical. In these circumstances, any set of displacement co-ordinates which 
satisfy the former set of equations would also satisfy the latter. Further, 
the number of unknown co-ordinates appearing in the 3p equations (1) would 
be reduced to 3p only by reason of (4) or (5), thus enabling them to be com- 
pletely solved. However, (4) and (5) being different alternatives, the 3p 
equations obtained by making use of these relations would be different, and 
the solutions obtained would also be different. Further, there would be 
two such alternatives in respect of the cells adjacent to each other along each 
of the three axes of the lattice, and these three sets of alternative possibilities 
would be independent of each other, so that there would be 2 x 2 x 2 or 8 
sets of alternative possibilities to be considered. Each of these would, in 
general, give a different set of 3p equations and therefore a different set of 
solutions. Thus, in all, we would obtain 24p solutions on the basis of the 
relations indicated by (4) and (5) above. 


We shall now consider the significance of the alternative relations (4) 
and (5) which we have assumed to subsist in order to enable the equations 
of motion to be reduced and solved. They evidently signify that the ampli- 
tudes of vibration of equivalent atoms in the different cells are the same, while 
their phases are either all the same or else alternate in successive cells along 
each of the three axes of the lattice. In either case, the energy of vibration 
is the same in the different cells of the lattice when the frequency is the same. 
It is obvious that such a state of affairs necessarily represents a possible 
stationary regime within the crystal. In other words, the 24p solutions of 
the equations of motion obtained on this basis represent the normal modes 
of vibration of the crystal structure. It will be noticed that only in 3p 
solutions would the phase of the vibration be the same in all the cells of the 
lattice; in the remaining 21p solutions, the phase of the vibration is oppo- 
Site in adjacent cells of the lattice along one, two or all three of its axes. In 
these latter, the condition that the centre of inertia of the system should 
remain at rest is automatically secured. The constraints necessary to secure 
the same condition would however reduce the 3p solutions of the former 
kind to (3p — 3) solutions, so that in all we would have (24p — 3) eigen- 
vibrations and not 24p. 
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It will be noticed that if we mark out domains in the crystal which extend 
in each direction twice as much as the unit cells of the lattice, the pattern 
of vibration within each such domain would be the same as for neighbouring 
ones in each of the (24p — 3) modes of vibration indicated by the preceding 
argument. Hence, the results of that argument may be summarised by the 
statement that the units of the vibration pattern of the crystal are super-cells 
having twice the linear dimensions and therefore eight times the volume of the 
static units of the crystal structure. The number of atoms included in each 
such dynamic unit or super-cell is 8p, and we may therefore regard the 
(24p — 3) modes as its internal vibrations and the three excluded degrees 
of freedom as its three translations. This point of view is useful in two 
ways. Firstly, it indicates that in relation to the entire crystal, each of our 
(24p — 3) modes of vibration is highly degenerate, being in fact N-fold dege- 
nerate if N be the number of super-cells contained in the crystal. Secondly, 
the three excluded degrees of freedom which represent the translations of the 
super-cell provide an appropriate starting point for a consideration of the 
possible elastic modes of vibrations of the solid. We shall return to this 
aspect of the subject later in the paper. 


3. Some ILLUSTRATIVE EXAMPLES 


As an illustration of the general thecry set out above, we shall now 
consider two specific cases, viz., that of a face-centred cubic lattice of atoms, 
as also the structure resulting from the interpenetration of two such lattices, 
viz., that of diamond or zinc-blende and describe their characteristic modes 
of vibration. 


The unit cells in a face-centred cubic lattice are really rhombohedra, 
the unit translations being those by which an atom placed at the corner of 
the cube goes over respectively to the three neighbouring face-centred atoms. 
The theorem that equivalent atoms in the lattice have the same amplitude 
of vibration and either the same phase or the opposite phases successively 
along the axes of the lattice enables us immediately to describe the possible 
modes. An atom located at a cube corner and the three others located 
at the nearest face-centres form the four vertices of a regular tetrahedron the 
faces of which are the (111) planes, while its diagonal planes are the (100) 
planes of atoms in the crystal. It is easily seen that all the eigenvibrations 
are movements of these planes of atoms; alternate planes move in opposite 
phases, while the directions of movement are indicated by considerations 
of symmetry to be either normal or tangential to the respective planes. 
Thus, there are only four different kinds of vibration of the lattice, namely 
the normal and tangential vibrations respectively of the octahedral and cubic 
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planes of atoms, the tangential vibrations being twice as many as the normal 
ones. As there are four sets of octahedral planes and three sets of cubic 
planes in the lattice, the four species of vibration have degeneracies of 4, 
8, 3 and 6 respectively, making up a total of 21 modes. Adding the 3 trans- 
lations of the super-lattice cell, we obtain the total of 24 degrees of freedom 
of the 8 atoms contained in it. 


The possible modes of vibration of the diamond or zinc-blende struc- 
ture may be obtained by coupling similar modes of vibration of the two 
face-centred lattices as described above with appropriate relations of ampli- 
tude and phase. There are only two possibilities, viz., that the oscillations 
of the planes of atoms adjacent to each other belonging respectively to the 
two lattices are in the same or the opposite phase. Hence, the four types 
of eigenvibration of a face-centred cubic lattice give us eight types of vibra- 
tion of the structure. To this, we must add a ninth mode of vibration repre- 
senting the translations in opposite phases of the two lattices with respect 
to each other. Thus in all, we have 9 modes with degeneracies 4, 4, 8, 8, 
3, 3, 6,6 and 3 respectively, making up a total of 45 degrees of freedom. 
The 3 translations of the two lattices moving together in the same phase are 
excluded from this scheme. Taking account of them, we recover the 48 
degrees of freedom of the 16 atoms included in the super-lattice cell. 


4. THE ELASTIC VIBRATION SPECTRUM 


We now turn to a consideration of the problem from the point of view 
provided by the theory of the vibrations of elastic solids. The principles 
on which an enumeration of the possible modes of vibration of an elastic 
solid may be based are indicated by the comparatively simpler problem of 
the vibrations of an enclosed volume of fluid. Considering a rectangular 
chamber whose edge-lengths are a, 8, y respectively, it may be shown either 
directly or by application of Fourier’s theorem that the general solution 
which includes all particular solutions of the equations of wave-motion 
satisfying the boundary conditions at the walls of the enclosure is 


¢ = ZZZ(A cos kat + B sin kat) 


ny,wX Not NogtZ 
x cos —— cos BT 00s ——. 





(6) 


where ¢ is the velocity-potential, A and B are arbitrary constants, while 
My, Ng, Ng are positive integers and k is 27/A, where A is the “ wave-length ” 
of the stationary vibration. It is defined by the relation 


k2= w* (n,2/a2+ nq?/B?+ ng?/y*) (7) 
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and hence A diminishes as n,, mg, n3 are increased. If the medium be regarded 
as continuous, 7”, M2, n,; may be as large as we please, and the number of 
possible stationary wave-patterns is then unlimited. We may, however, 
if we so desire, set a limit to the total number of possible stationary patterns 
of vibration by assuming that the maximum possible values of ,, m2, mg are 
respectively N,, Nz, Ns. The total number of possible eigenvibrations is 
then the product N,N.Ns3. 


Equation (7) connects the “ wave-length”’ of an oscillation with the 
linear dimensions of the vibrating body and the number of parts of its 
aliquot division by the resulting vibration in each of three mutually ortho- 
gonal directions. We shall not be wholly at fault in assuming a similar 
relationship to subsist in the case of the elastic vibrations of a rectangular 
block of solid. Earlier in the paper, we have seen that the atomistic 
approach to our problem leads to the result that the structure of a crystal 
has (24p — 3) characteristic modes of vibration, and we identified these 
with the internal vibrations of a group of 8p atoms included in a super-lattice 
cell having twice the linear dimensions and hence eight times the volume of 
the unit cell of the crystal lattice. The three excluded degrees of freedom 
on the same basis represent the three translations of the super-cell, and if 
there be N such super-cells comprised in the entire crystal, we have 3N 
degrees of dynamical freedom of movement which are left unaccounted for 
in the atomistic treatment. In view of the remarks made in the introduc- 
tion, we may properly identify these with the total number of possible elastic 
eigenvibrations of the crystal. Since there are three types of elastic waves 
in a crystal, we may ascribe one-third of the total number to each of the 
corresponding types of elastic eigenvibration. Accordingly, on the basis 
of the foregoing argument, we set 


N= N,N,N; (8) 
which signifies merely that the total number of elastic cigenvibrations of 


each type is the same as the total number of super-lattice cells comprised 
in the crystal. By virtue of (8), we may write (7) in the form 

4/A®= (n,?/N,?-1/d,?+ nz?/N,?*1/d_?+ n32/N3?- 1/d,") (9) 
which connects the reciprocal of the wave-length A of the vibration with 
the reciprocals of certain spacings d,, d,, d; whose product d,d.d, is equal to 
the volume of the super-lattice cell. As N,, Ne, Ng are very large numbers, 
the wave-lengths permitted by (9) form a practically continuous sequence 
of values which become densely crowded together as 7,, m2, ns approach their 
maximum possible values N;, Nz, N;. When one of the three numbers 
7, Mg, Mg has its maximum value and the other two are set equal to zero, 





















the crystal structure. 


cell of the crystal. 
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\ becomes equal to 2d, or 2d, or 2d; respectively. 
wave-lengths ” along the three edges of the rectangular block are related 
in a very simple manner to the linear dimensions of the super-lattice cell of 
In the particular case where the edges of the block 
are parallel to the axes of the crystal lattice, the limiting wave-lengths are 
just twice the edges of the super-lattice cell or four times the edges of the lattice 
Vice-versa, if the limiting wave-lengths of the elastic 
eigenvibrations are so chosen as to satisfy these relations, the number of 
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Thus, the “ limiting 


degrees of dynamical freedom left out from the atomistic enumeration of the 
vibrations in the crystal are completely accounted for as its elastic eigen- 


vibrations. It will be noticed that we are not assuming d;= d,= d;, and hence , 


the argument is not limited to the case of cubic symmetry but is more general. 


In passing from an enumeration of the eigenvibrations on the scale of wave- 


lengths provided by (9) to an enumeration on a scale of frequencies, we must, 
of course, take account of the fact that the ratio of wave-length to frequency 


is different for the three types of elastic waves and is also a function of the 
direction of propagation. 


We may illustrate the preceding argument by considering once again 


the case of a face-centred cubic lattice. 


As mentioned earlier, the eigen- 


vibrations of such a lattice are of four different kinds which may be de- 
scribed as being respectively normal and tangential oscillations of the cubic 
and octahedral planes of atoms, the movements of alternate planes of atoms 


being in opposite phases. 
represented in Fig. 1. 


Oo +O 


Oo- <© 


o> <O 


O> <® 


o> <—O 


Fic. 


Ce <—O Oo <—O 


Or <® 


Oo <O 


o> <® 


Oo <O 


1. Eigenvibrations of a Face-centred Cubic Lattice 





© <O 
O> <® Om <O 
Oo <O Oo <O 
O> <O O> <® 
© <O © <O 
a 


The normal oscillations of the cubic planes are 
A similar figure with the arrows parallel to the atomic 
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planes would represent the tangential oscillations. With an altered spacing 
of the planes the figure would also represent the oscillations of the octa- 
hedral layers of atoms. 


As will be seen from the figure, there are no nodal planes or layers of 
atoms at rest, and since the nature of the vibration is completely determined 
by the lattice structure, the mode is a characteristic property of that structure 
and not an elastic vibration properly so called. Since, however, the motion 
repeats itself periodically along the crystal axes, we may ascribe to it a “* wave- 
length’ which as seen from the figure is twice the distance between the 
atomic layers. Fig. 2 represents an elastic vibration properly so-called with 
the smallest possible wave-length; every alternate layer of atoms is a nodal 
plane which remains at rest, while the intervening planes of atoms move in 
opposite phases. The “ wave-length” is thus four times the distance 
between the atomic layers. A similar figure with the arrows parallel to the 
atomic planes would represent the transverse elastic vibration of smallest 
wave-length. 
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We can, of course, similarly picture elastic vibrations in which every 
third or fourth or fifth plane of atoms is at rest, while the intervening planes 
of atoms oscillate with phases which are opposite on either side of each nodal 
plane. The “ wave-lengths ” of such oscillations would be respectively 6, 8 
or 10 times the spacing of the atomic planes, the motion repeating itself at 
these intervals and the energy of the vibration being the same in the successive 
layers separated by the nodal planes. Such an arithmetical progression of 
increasing wave-lengths is however altogether different from that contem- 
plated by equation (9) above in which they form a densely crowded sequence 
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with wave-lengths diminishing in harmonic progression, the permitted values 
being determined by aliquot division of the macroscopic dimensions of the 
solid. Moreover, the form and disposition of the nodal planes of elastic 
vibration are determined by the shape and dimensions of the outer boundary 
of the solid and not by its internal structure. Hence, having set the lower 
limit of wave-length at four times the lattice spacings, we must for all larger 
wave-lengths and therefore lower frequencies of elastic vibration ignore 
the discrete structure of the solid and treat it as a continuum. Per contra, 
we are precluded from extending into the region of the higher frequencies 
of vibration a treatment based on the idea of free propagation of elastic 
waves of lengths determined by the external dimensions of the solid. 
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5. REMARKS ON SOME EARLIER THEORIES 


The Debye Theory.—The foregoing remarks prepare us for a considera- 
tion of the earlier theories of the vibration spectra of crystals. The proto- 
type of these theories is Debye’s well-known treatment (1912) of the specific 
heat problem for elementary solids. This is based on the postulate that 
the thermal agitation in a solid may be identified with stationary elastic 
vibrations in it of various wave-lengths superposed on each other. All the 
three possible kinds of elastic vibration are assumed to have frequencies 
inversely proportional to their respective wave-lengths and to terminate at 
a common upper limit of frequency. The simplicity of the Debye formula 
for the specific heat is a consequence of these specific assumptions. Later 
writers have sought to modify the theory by postulating that all the three 
types of elastic vibration (one longitudinal and two transverse) have a com- 
mon upper limit of wave-length instead of frequency. With this modi- 
fication, the Debye theory and the results derived in the preceding section 
may be readily compared with each other. Limiting ourselves to the case 
in which each cell of the crystal lattice contains only one atom, it is obvious 
that if all the possible atomic vibrations are considered as elastic eigenvibra- 
tions, they would be eight times more numerous, and the limiting wave-lengths 
would be one-half of those derived in the present paper. The additional 
eigenvibrations are those having the smallest wave-lengths and therefore 
the highest frequencies, and they form the great majority, viz., seven out of 
every eight. 


In order to appreciate the precise nature of the situation thus arising, 
we consider the specific case of a face-centred cubic lattice. Figs. 1 and 2 
above show respectively the characteristic eigenvibrations of the structure 
and the elastic vibrations of minimum wave-length possible in it according 
to our present point of view. It is evident that the great majority of the 
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stationary vibrations assumed by the Debye theory (seven-eighths of the 
total number) would have “ wave-lengths”’ intermediate between those 
represented by these two figures. We may remark, however, that a charac- 
teristic feature of stationary vibrations in a continuous elastic medium— 
vide equation (6) of the preceding section—is that the medium is partitioned 
by the nodal planes into cells in which the energy of oscillation is the same 
and the phase opposite in alternate cells. The same situation in the case 
of a discontinuous periodic structure is represented in Figs. 1 and 2, but 
there is clearly no possibility of a stationary vibration with these characters 
and of wave-length intermediate between twice and four times the atomic 
spacing. We can, of course, postulate waves of any intermediate wave-length 
that we may choose and assume them to traverse the discontinuous periodic 
structure in opposite directions. But the result of their superposition would 
in no way resemble the stationary vibrations described in equation (6) which 
form the basis of the enumeration, since the energy of the vibration would 
fluctuate arbitrarily along the direction of propagation. The situation is 
thus that the overwhelming majority of the stationary modes of vibration which 
are assumed to exist in Debye’s theory are possible only in an elastic conti- 
nuum but have no counterparts in a periodically stratified structure. In other 
words, the Debye theory is based on an extrapolation of notions derived 
from the behaviour of elastic solids into the field of atomic theory, such 
extrapolation being, on the face of it, physically untenable. The postulates 
made in the theory are therefore invalid even in the case of crystals of the 
simplest structure to which the foregoing discussion has been limited. 


The Born-Karman Theory.—We now proceed to comment on the so- 
called lattice dynamics of Born and Karman. This claims to be more exact 
than the Debye theory and also to include within its scope crystals of com- 
plex structure comprising two or more atoms in each lattice cell. For this 
purpose, the theory (1923) divides the degrees of freedom of the system— 
namely thrice the total number of atoms—into distinct groups which are 
each equal to the number of lattice cells comprised in the crystal. Each 
degree of freedom corresponds to a wave which is assumed to traverse the 
crystal, and we have thus present in it an immense number of sets of waves 
of different wave-lengths, each set corresponding to a group of wave-lengths 
chosen and allotted on the same common plan. (3p — 3) of the groups 
of waves represent the so-called “* optical” vibrations of the lattice, while 
the remaining 3 groups represent its “ acoustic vibrations”. The frequen- 
cies of vibration depend on the wave-lengths, and each group accordingly 
represents an immense number of different frequencies of vibration. The 
nature of the vibration spectrum has to be determined by calculation on the 
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basis of specific assumptions regarding the nature and magnitude of the 
interatomic forces. As the computations are laborious, it is not surprising 
that comparatively few cases have actually been worked out in detail. The 
published results, however, indicate that the vibration spectra in both the 
“optical”? and the ‘‘ acoustic” branches are diffuse continua which 
overlap each other (Blackman, 1935; Kellermann, 1940). Such a result 
might have been expected a priori in view of the assumptions underlying 
the theory. For the “‘ wave-lengths’’ assumed are most crowded together 
when they are smallest and are most nearly comparable with the lattice 
spacings of the crystal. The “optical frequencies”? depend notably on 
the wave-lengths when these are small, and hence the assumed distri- 
bution of wave-lengths results in spreading out the “optical spectrum ” 
into a diffuse continuum, instead of its being a set of sharply defined lines 
as in the case of vibration spectra of polyatomic molecules. 


The Born-Karman theory rests on the premise that a crystal has as 
many different frequencies of vibration as it has degrees of dynamical free- 
dom, and the sets of waves with which its vibrations are identified are indeed 
assumed to secure this result. Neither the premise nor the assumptions 
made to ensure its fulfilment can, however, be justified. As has been re- 
marked earlier in the paper, a crystal consists of an immense number of 
similar groups of atoms whose characteristic modes of vibration are neces- 
sarily all similar, and hence a high degree of degeneracy is necessarily to be 
expected in respect of the vibration frequencies of the system. Further, 
a wave is not a normal vibration since the phase changes progressively along 
its course. Hence, an enumeration of waves is not a valid procedure unless 
it can be shown that a physical mechanism exists which selects particular 
wave-lengihs and transforms the motion to normal vibrations of a deter- 
minate type. Such a mechanism exists in respect of the elastic vibrations, 
being provided by the reflection of the waves at the boundaries of the crystal 
and the consequent formation of wave-patterns of a determinate type by 
interference. But as we have seen above, stationary wave-patterns of this kind 
can account for only a small proportion of the dynamical degrees of freedom 
even in the case of crystals of simple type having only one atom in each lattice 
cell. It follows that in the case of crystals of complex structure, the propor- 
tion of the dynamical degrees of freedom represented by stationary wave- 
patterns would be even smaller. Hence, the identification of the socalled 
“ optical vibrations * with waves having the same set of wave-lengths as the 
elastic vibrations has no physical meaning or justification. In effect, the Born- 
Karman theory ascribes to the atomic structure of a crystal an immense 
number of modes and frequencies of vibration which it does not really possess. 
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6. MOLECULAR CRYSTALS 


The arguments and results set out in Section 2 above are, of course, 
quite general, and do not depend on the particular manner in which the p 
atoms in the unit cell of the crystal are linked with each other or with the 
atoms in the neighbouring cells. Some of them, for instance, may be consti- 
tuent parts of ions or molecules, e.g., the CO; ions in calcite or the C,H, 
molecules in a naphthalene crystal. Indeed, it is precisely such cases which 
make it most obvious that the vibration spectra of crystals in the infra-red 
should consist of a sharply defined set of monochromatic frequencies and 
not a diffuse continuum. For, we know that the ions or molecules in the 
free state have sharply defined spectral frequencies; though their mutual 
interactions in a crystal would have to be considered, these interactions 
are exactly specifiable and hence could only result in altering the vibration 
frequencies and increasing their number without changing the essential 
nature of the spectra. To show that this is the case, we may consider the 
particular example of a crystal in which the p atoms in each lattice cell form 
a single molecule. Each such molecule has 3p degrees of dynamical freedom 
which may be identified with specific modes of vibration in the crystal, since 
simple rotations and translations are excluded, at least ordinarily. The 
nature of a normal vibration, viz., that all the particles in the system vibrate 
with the same frequency and with the same or opposite phases enables us to 
define the manner in which the vibrations of the interacting molecules would 
be related to each other. Since every molecule vibrates with the same fre- 
quency as its neighbours, the forces which come into play must be the same 
for all. These forces include not only the internal ones arising within each 
molecule but also the forces of interaction between them. Hence, the latter 
should also be the same for all molecules. But the forces of interaction 
are determined by the amplitudes and phases of vibration. Hence, to ensure 
that the forces of interaction are the same, it is necessary that the molecules 
which interact with each other vibrate with the same amplitude, while each 
molecule has the same relation of phase to its neighbours that every other 
molecule has. The latter requirement can only be satisfied if the phases 
are either all the same or else alternate in successive cells of the lattice along 
one, two, or all three of its axes. We have thus 2 x 2 x 2 or 8 different 
ways in which the requirements for a normal vibration may be satisfied. 
Hence, each of the 3p possible modes of vibration of a molecule would be 
modified in 8 different ways, giving us in all 24p different normal vibrations, 
which is the same result as that deduced in Section 2. if we exclude the 
3 translations of the molecules moving together as a group. 
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The foregoing approach to the subject is useful in elucidating the rela- 
tions between the vibration spectrum of a crystal and the spectra of the same 
substance in the liquid and gaseous conditions. The (24p—3) modes of 
vibration may be divided into two classes, namely, (3p—3) modes in which 
the amplitude and phase of the vibration of a molecule are the same as those 
of its neighbours, and 21p modes in which the vibration occurs in opposite 
phase in alternate layers of the crystal structure. The (3p—3) modes of 
the first kind represent the internal vibrations and the rotational oscillations of 
the molecules, while the 21p modes of the second kind would include also 
the 21 modes of translational oscillation of the molecules against each other. 
Unless the forces of interaction are large, the internal oscillations of the 
second kind would differ but little in frequency from similar oscillations of 
the first kind, and both would be nearly the same as for the free molecules. 
On the other hand, the rotational oscillations with discrete frequencies which 
are characteristic of the crystal are determined entirely by the interactions 
between the molecules, and hence they should differ notably in the first and 
second class of normal modes. 


7. ANHARMONICITY AND INTERACTION OF VIBRATIONS 


So far, we have concerned ourselves with small oscillations under 
harmonic forces. In the actual problem, the amplitudes of vibration are 
determined by quantum-theoretical considerations and are by no means 
infinitesimal. Hence, a complete theory would require us to include, in 
addition to the forces proportional to the atomic displacements, also forces 
proportional to their squares and to their products. On introducing such 
additional terms into the equations, it becomes evident that the motion can 
no longer be described as a summation of independent normal vibrations 
and that interactions would arise profoundly modifying the dynamical 
behaviour of the system. Problems of this kind have already been consi- 
dered in the theory of the vibrations of polyatomic molecules (Herzberg, 
1945), and we may therefore take over the known results of that theory 
mutatis mutandis in our present case. If the anharmonicity be not too large, 
the behaviour of the system may still be described by sets of quantum numbers, 
each set corresponding to one of the normal vibrations possible in the har- 
monic approximation. The quantum numbers do not, however, as in the 
harmonic case, represent equal increments of energy, but a diminishing 
sequence of increments. The selection rules are also modified and in parti- 
cular, overtones and combinational frequencies forbidden in the harmonic 
approximation are permitted to appear. Overtones and combinations may 
also appear by reason of the electric moments associated with the vibrations 
having a non-linear dependence on the amplitudes. Anharmonicity results 
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further in cases of non-accidental degeneracy in the splitting up of various 
higher energy levels which would be coincident in the harmonic approxi- 
mation. Accidental degeneracy may also result in splitting up or displacing 
the energy levels concerned and in modifying the intensities with which they 
appear in the spectra. 


8. INFLUENCE OF TEMPERATURE 


Anharmonicity also plays an important role when we consider the effect 
of elevating the temperature of a crystal on its vibration spectrum. As the 
temperature rises, a considerable proportion of the various low-lying energy 


| levels would be thermally excited, as also a smaller proportion of the higher 


ones. Hence, any further excitation caused, for instance, by the incidence 
of radiation on the crystal has to start from the thermally excited levels, and 
by reason of the anharmonicity, the energy increments would then be less 
than for similar transitions from the ground state. As a consequence, the 
spectral lines corresponding to various possibilities which are equivalent in 
the harmonic approximation would no longer be coincident. The effect 
of elevating the temperature would accordingly be to lower the vibrational 
frequencies and simultaneously to spread them out over a finite range of 
values. Further, since the majority of the induced transitions start from 
the thermally excited levels and not from the ground state, the electrical 
anharmonicity would also come into play and make the observed intensity 
of the lines less than what they would be if there were no such 
anharmonicity. 


It is evident that similar results would also follow from the interaction 
between the eigenvibrations of the crystal structure and the elastic vibrations 
of the solid. The energy of an elastic vibration is distributed over the entire 
volume of the crystal, and hence its amplitude would be exceedingly small. 
Hence, the elastic vibrations, considered individually, would have no 
sensible perturbing effect on the eigenvibrations. The position would how- 
ever, be altered if we consider the aggregate effect of all the elastic modes 
of vibration when thermally excited, since their number is very large. A 
convenient way of regarding the maiter is to fix our attention on a very small 
element of volume in the crystal. This volume element would, as the result 
of the thermal agitation, suffer fluctuations of density. These may be 
regarded as oscillations of varying amplitude and frequency. When the 
volume element considered is sufficiently small, the density fluctuations 
would be large enough to perturb the eigenfrequencies to an observable 
extent, lowering them and spreading them out over a finite range of 
values. 
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6. SUMMARY 


The paper presents the author’s theory of the vibration spectra of 
crystals from a fresh point of view. It is shown that the nature of the spectra 
is necessarily different in the two regions of frequency in which they represent 
respectively the characteristic eigenvibrations of the crystal structure and 
the stationary wave-patterns of elastic vibration. The eigenvibrations repeat 
themselves in volume elements within the crystal having twice the linear 
dimensions and eight times the volume of the lattice cells. The number 
of modes of eigenvibration is (24p—3), p being the number of atoms in each 
lattice cell. The spectral frequencies which are (24p—3) in number (or less by 
reason of crystal symmetry) are accordingly monochromatic. In relation 
to the entire crystal, they are highly degenerate. The three missing degrees 
of freedom are exactly accounted for when the possible elastic vibrations 
which give a quasi-continuous spectrum of frequencies are enumerated. 
The limiting elastic wave-lengths come out as four times the lattice spacings 
of the crystal. The effects of anharmonicity are also considered. It is shown 
that they result in lowering and spreading out the spectral frequencies of 
the crystal when its teraperature is elevated. 
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1. INTRODUCTION 


OF recent years, there has been a great accession of exact knowledge regarding 
the spectroscopic behaviour of crystals. Much of this knowledge has 
been gained by the method of investigation introduced by the present writer 
in the year 1928, namely, the spectral examination of the scattered radiations 
from crystals illuminated by monochromatic light. Valuable information 
has also come to hand from the study of luminescence spectra and of 
absorption spectra in the visible and ultra-violet regions at low temperatures. 
Considerable progress has also been made in the study of infra-red absorption 
by crystals. By working with thin films, and also by using the highest 
possible resolving powers, the inherent difficulties and imperfections of infra- 
red spectroscopy as applied to solids have been minimised. Critical investi- 
gations by these diverse methods concur in showing that the vibration spec- 
trum of a crystal held at a sufficiently low temperature as observed in the 
infra-red region of frequency is effectively a line spectrum. From the fact 
that several procedures of experimental study which are wholly different 
in principle agree in their indications, it is clear that the spectra of crystals 
are inherently of this nature and not by virtue of any particular method of 
observing them. 


The earlier theories of the subject which were based on ideas derived 
from the behaviour of elastic solids identified the atomic vibrations in a 
crystal with an immense number of “‘ waves” of diverse wave-lengths and 
frequencies assumed to be present in it. This hypothesis led to a conception 
of the nature of the vibration spectrum of a crystal radically different from 
that stated above, viz., that it is a continuous spectrum, both in the acoustic 
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and in the infra-red ranges of frequency. That such a view gained currency 
was perhaps not surprising at a time when experimental knowledge of the 
spectroscopic behaviour of crystals was of a meagre description. It is, 
however, altogether inconsistent with the facts known at present as the result 
of recent research, as will be shown in this paper and the others following it. 


The case of diamond which we shall proceed to consider in detail is 
by far the most suitable test for any theory of the spectroscopic behaviour 
of crystals. For, it is the solid of the simplest structure and composition of 
which the vibration spectrum is amenable to theoretical calculation as well as 
to experimental study. Indeed, all the possible different methods of spectro- 
scopic investigation—five in number—which can be applied to the study of 
a crystal have been successfully employed in the case of diamond. A further 
special advantage presented by diamond is that its vibration spectrum appears 
spread out over a wide range of frequency. This makes it possible with only 
instruments of moderate power to ascertain and establish the true nature 
of its spectrum unambiguously, while with the aid of more powerful instru- 
ments, it is possible to discover and demonstrate the finest details of its 
spectral behaviour. A further and notable advantage which arises from the 
high frequencies of atomic vibration in diamond is that the secondary effects 
due to thermal agitation are unimportant in its case even at ordinary 
temperatures. Such effects are markedly present in the majority of crystals 
and disturb the intrinsic simplicity of their spectra. 


2. THE EIGENVIBRATIONS 


As is well known, the structure of diamond may be described as con- 
sisting of two similar Bravais lattices of carbon atoms of the face-centred 
cubic type interpenetrating each other. Each atom in one of the lattices 
is linked to four atoms in the other lattice by valence bonds along the four 
trigonal axes of symmetry of the crystal. The atoms in the two lattices appear 
in distinct layers in the octahedral as well as in the cubic planes. In the 
former set of planes, they are alternately nearer and further apart, while in 
the cubic planes they are equidistant. This disposition of the layers is a conse- 
quence of the quadrivalence of the carbon atoms and is represented in Fig. 1, 
for the octahedral planes and in Fig. 2 for the cubic ones. A, and A, repre- 
sent successive layers of carbon atoms belonging to one lattice, while B, and Bz 
represent successive layers belonging to the other. 


In Part I of this series of papers, we have already derived the nine 
possible eigenvibrations of diamond, and they may be readily visualised 
with the help of a model of its structure. Figs. 1 and 2 above are also helpful 
in this connection. The principal oscillation of the structure is the one in 
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Fic. 1. Structure of Diamond viewed perpendicular to a trigonal axis 





Fic. 2. Structure of Diamond viewed perpendicular to a cubic axis 


which the atoms of each lattice move together in the same phase against the 
atoms in the other lattice moving together in the opposite phase. It is a 
triply degenerate oscillation, and hence the direction of motion may be 
either normal or tangential to the atomic planes in either of the two figures, 
viz., up and down the printed page or horizontally across it. The other 
eight possible movements arise from the three pairs of possible alternatives; 
the oscillations may be of the octahedral or of the cubic planes of atoms; 

the oscillations may be normal or tangential to these planes; the oscillations — 
may be symmetric or antisymmetric, adjacent layers of the structure belong- 
ing to the two lattices moving in the same phase in the symmetric modes, 
and in opposite phases in the antisymmetric ones. Thus, for instance, in 
the tangential symmetric oscillation of the octahedral planes, the layers A, 
and B, in Fig. 1 move together horizontally across the page against the layers 
A, and B, moving together in the opposite direction. Similarly, in the 
tangential antisymmetric oscillation of the cubic planes, the layers A, and 
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B, in Fg. 2 move together horizontally across the page against the layers 
B, and A, moving together in the opposite direction. 



































TABLE I 
ae yong Degeneracy Description of Mode 
I si 3 Oscillation of the two lattices 
II 8 Tangential antisymmetric oscillation of the octahedral planes 
Ill 6 Tangential symmetric oscillation of the cubic planes 
IV eo 4 Normal symmetric oscillation of the octahedral planes 
vt 3 Normal antisymmetric oscillation of the cubic planes* 
vI* 3 Normal symmetric oscillation of the cubic planes* 
VII + Normal antisymmetric oscillation of the octahedral planes 
VIII 6 Tangential antisymmetric oscillation of the cubic planes 
IX 8 Tangential symmetric oscillation of the octahedral planes 

















* Note.—Modes V and VI have the same frequency. 
3. THE VALENCE FORCES 


The forces coming into play when the atoms in diamond oscillate are 
principally of two kinds, viz., those due to changes of bond-lengths and 
those due to changes of bond-angles. The forces of the first kind are pre- 
dominantly of greater strength, and this fact taken together with the geometry 
of the modes enables us readily to arrange them in a descending sequence 
of frequency as shown in Table I. We shall, to begin with, consider only 
the forces due to the changes of bond-lengths. It is immediately evident 
that they are absent in the tangential symmetric oscillation of the octahedral 
planes, as also in the tangential antisymmetric oscillation of the cubic planes 
described in the preceding paragraph. These two modes have therefore the 
lowest frequencies and are accordingly placed at the bottom of the table. 
On the other hand, the tangential antisymmetric oscillation of the octahedral 
planes, and the tangential symmetric oscillation of the cubic planes both 
involve large variations of bond-length. By reference to Figs. 1 and 2, it is 
seen that the changes of bond-length in each case are exactly the same as 
in the analogous movements of the two lattices against each other in mode I. 
Accordingly, these three modes have the highest frequency and are placed 
at the top of the table. The four modes in which the atomic layers move 
normally to themselves remain to be considered. It is readily seen that the 
symmetric and antisymmetric normal vibrations of the cubic planes would 
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have identical frequencies owing to the disposition of the valence bonds 
and of the atoms in equidistant layers. On the other hand, the symmetric 
and antisymmetric normal oscillations of the octahedral planes are obviously 
different. A simple calculation based on the inclination of the valence 
bonds to the direction of movement shows that the symmetric oscillation 
would have a higher frequency than the antisymmetrical, while the normal 
oscillation of the cubic planes would have an intermediate frequency. 


In the final ordering of the modes, we have also to consider the forces 
due to the variations of the bond-angles. These differ notably in the modes 
VIII and IX in which bond-length variations are totally absent, as also in 
the modes I, II and III in which they are of equal magnitude, and hence 
enable us to arrange them in the proper sequence of frequency. The tangen- 
tial symmetric oscillation of the octahedral planes (mode IX) obviously 
involves variations of fewer bond-angles than the tangential antisymmetric 
oscillation of the cubic planes (mode VIII). It therefore now appears at 
the bottom of the table, with the latter immediately above it. The principal 
lattice oscillation (mode I) involves variations of all six bond-angles and is 
therefore placed at the top of the table, followed in order by the tangential 
antisymmetric oscillation of the octahedral planes (mode II) and the tan- 
gential symmetric oscillation of cubic planes (mode III) in which only three 
bond-angles and one bond-angle respectively vary sensibly. The nine 
eigenvibrations as thus finally arranged are shown in Table I. 


4. NUMERICAL EVALUATION OF THE EIGENFREQUENCIES 


The descending sequence of frequency shown in Table I is sufficient to 
enable the modes of vibration manifesting themselves in the spectrum of 
diamond to be individually identified. It is possible, however, to go further 
and make a numerical estimate of the frequency of each of the modes, there- 
by confirming the assignment of the observed spectral frequencies to the 
different modes and placing their identification on a secure basis. We shall 
proceed to show how this may be done. 


In any eigenvibration, equivalent atoms have the same amplitude of 
motion, and since the masses of the two sets of equivalent atoms in diamond 
are the same, it follows that the atomic displacements are also the same. 
It is sufficient therefore to find the forces acting on any one atom in a given 
mode of vibration to ascertain its frequency. The principal forces acting 
on each atom are (1) the force proportional to its own displacement, and 
(2) the forces proportional to the displacements of the four atoms with which 
it is linked by valence bonds. The displacements of the more distant neigh- 
bours would also give rise to forces, but these would be smaller, and owing 
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to the alternation of phase in successive layers would tend to cancel each 
other out. We may accordingly limit ourselves to the forces specified above. 


We denote the three force-constants with which we are concerned by 
P,Qand R. P is the restoring force on the atom under consideration arising 
from a unit displacement of itself along a cubic axis. Q and R are the forces 
on the atom arising from a similar displacement of one of the atoms linked 
with it, Q being parallel to the displacement, and R perpendicular to it. 
P being taken as a positive quantity, it is evident that Q would be negative 
and that P/4 would be the order of magnitude of its numerical value or rather 
an upper limit for the same. For, the restoring force P may be regarded 
as due to the displacement of an atom relatively to its four nearest neigh- 
bours, though the more distant atoms may also sensibly contribute. Fur- 
ther, owing to the tetrahedral disposition of the valence bonds, R and Q 
would be nearly equal to each other. More definitely, it can be said that 
Q>R>Q/2. The upper limit Q for R would be reached if the forces 
arise solely from the variation of bond-length, but we know that this is not 
the case and that the variation of bond-angles has also to be considered. 
The lower limit for R, namely Q/2, is set by the consideration that the forces 
due to variation of bond-angles would then be so large that modes IV, V, 
VI and VII in Table I would no longer form a descending sequence of 
frequency. The ratios P: Q:R are thus known a priori, at least approxi- 
mately, from considerations based on the structure of diamond. 


TABLE IT 
Calculated and Observed Eigenfrequencies of Diamond 





F (Operative Q Observed 
R 


Force--constant) Frequency 





P-—4Q 
P—20-2R 
P—4R 
P+2Q—4R 
P 




















6-28 6°975 7°536 |x105 dynes per cm. 
—1°57 —1-395 — 1-256 do 
—1-047 —0-93 —0°837 do 








Denoting the mass of the carbon atom by m, the frequency in wave- 
numbers by v and the velocity of light by c, we write 


4n*v?c?m = F, (1) 
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where F is the operative force-constant, viz., the magnitude of the force 
acting on the atom per unit displacement. This is shown for each of the 
different modes in the second column of Table II. The formule are readily 
derived by reference to the modes as described in Table I. We remark that 
P necessarily appears in each case. Q appears with a factor equal to the 
number of linked atoms which move in the same phase as the atom under 
consideration, less the number moving in the opposite phase; the factor 
is —4, —2, 0, +2, 0, —2, 0 and +2 respectively for the modes as listed. 
The force-component R is perpendicular to a cubic axis and does not there- 
fore appear in the frequency expressions for modes I, V and VI, the motion 
being along a cubic axis. In the remaining modes, the movement is along 
a body-diagonal or a face-diagonal of the cube, and R therefore appears in 
the formule with a multiplying factor equal to the number of atoms effective 
in each case. A check on the formule is obtained by putting Q = —P/4 and 
Q =R, when the frequency comes out as the same for the first three modes, 
as zero for the last two and as a descending sequence for those between. 


Table II makes a comparison of the observed frequencies with those 
calculated on the basis of the P:Q: R ratios shown at the head of each 
column, the corresponding numerical values of P, Q and R which give the 
frequency of the first mode as 1332cm.! being shown below. It will be 
seen that there is good agreement between the figures appearing in the last 
two columns, thus supporting the identification of the modes with the 
observed spectral frequencies, as well as the theoretical approach on which 
the calculations are based. The agreement is, of course, not perfect, but 
this is only to be expected, since the forces have been ignored which arise 
from the more distant atoms. The fact that Q comes out as — P/6 and not 
as — P/4 is a clear indication that such forces are small, but are not negligible. 
This interpretation of the discrepancies between the figures shown in the last 
two columns of Table II is completely confirmed by an investigation of 
K. G. Ramanathan (1947) appearing elsewhere in these Proceedings. The 
dynamics of the problem has been very fully worked out by him, taking 
account of no fewer than 28 atoms in the equations of motion. 


5. ACTIVITY IN LIGHT-SCATTERING 


We shall now consider the activity of the various modes of vibration 
in light-scattering. Equivalent atoms in the structure have the same phase 
in mode I, while they are alternately in opposite phases in successive layers 
in the other modes. The changes of optical polarisability therefore add up 
for mode I, while they cancel out (to a first approximation) in the other modes. 
Mode I is therefore active in light-scattering, while the others are not. 
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TABLE III 
Theoretical Activity of the Eigenvibrations 
(For explanation see text) 





Light Scattering Infra-red Absorption 
Frequency 


i rder sat 
Serial orde cm.—! 








Ist Order 2nd Order | lst Order* 2nd Order 





1332 Active Strong Inactive Inactive 
1250 Inactive Strong Inactive Very Weak 
1232 Inactive Very Strong Inactive Very Weak 
1149 Inactive Strong Inactive Weak 





1088 Inactive Weak Inactive Strong 

1008 Inactive Very Weak Inactive Strong 
752 Inactive Inactive Inactive Inactive 
620 Inactive Inactive Inactive Inactive 




















* Note.—The entries in the fifth column of the table assume that the electronic structure 
of diamond has octahedral symmetry. For a discussion of the infra-red activity of the first 
order arising when this is not the case, see Section 7 below. 


In the second approximation, the non-linear dependence of the optical 
polarisability on the atomic displacements has to be considered. It is evi- 
dent that if the increase in optical polarisability due to the approach of two 
atoms is different from the decrease due to their recession by an equal amount, 
the effects of the successive layers would not cancel out completely, leaving 
a residue which passes through a complete cycle of changes twice during 
each oscillation and has therefore twice its frequency. Superposition of 
two modes with different frequencies would, in addition, yield a residual 
effect with a summational frequency. In considering the magnitude of such 
effects, it is useful to regard the valence bonds themselves as the units which 
are optically polarisable. We represent each bond as having an ellipsoid 
of polarisability of its own. The tetrahedral grouping of the ellipsoids in 
the crystal secures its optical isotropy in the non-oscillating state. Altera- 
tions of bond-lengths during a vibration produce changes in the axial 
dimensions of the ellipsoids, while variations of bond-angle would alter 
their orientations. Only major changes could be expected to give observable 
second-order effects. Accordingly, we are justified in assuming that only 
changes of bond-length would give such effects. The strength of the effects 
would be determined principally by the absolute magnitude of the variations 
of bond-length, and only to a lesser extent by the number of bonds so 
varying. 

The activity of the various eigenvibrations has been assessed and shown 
in the fourth column of Table III on the basis of the foregoing considerations. 
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Modes VIII and IX do not involve changes of bond-length and should there- 
fore be inactive. Mode VII is a normal oscillation of the octahedral layers 
involving changes of three bond-lengths out of every four, but these changes 
are very small. Accordingly, this mode should exhibit only a very weak 
second-order activity. Modes V and VI are normal oscillations of the cubic 
planes in which two out of every four bonds vary in length, but the changes 
are definitely larger than in mode VII. Their activity should therefore be 
greater than that of mode VII. In mode IV, only one bond out of every 
four varies, but the entire motion is along this bond, and the change in its 
length is therefore considerable. Accordingly, this mode should be strongly 
active. In the three remaining modes of highest frequency in the table, 
the bond-length variations are large, but the number of bonds varying is 
different, being four in mode I, three in mode II, and two in mode III. The 
individual variations in bond-length are greatest in mode III, less in mode II 
and least in mode I. Accordingly the second-order activity in light-scatter- 
ing should be strongest in mode III, less in mode II, and least in mode I, 
though very considerable in all three cases. 


The second-order activity is essentially dependent on the absolute 
magnitude of the atomic displacements and unless these are large, their 
results would be of negligible intensity. The atomic displacements are 
determined by the consideration that the energy of vibration is Av for a single 
excitation and 2hv for a double excitation. The amplitudes of vibration 
would be very small and the second-order effects, therefore wholly unobserv- 
able if this energy be distributed over the entire volume of the crystal or even 
over a large number of lattice cells. We may remark further, that since the 
elastic vibrations of a crystal extend over its whole volume, they cannot 
exhibit any second-order activity in light-scattering. The first order activity 
is also cancelled out completely by optical interference except in the very 
special case of a coherent reflection. 


6. ACTIVITY IN INFRA-RED ABSORPTION 


To simplify the discussion of the activity of the modes in infra-red 
absorption, we shall here restrict ourselves to the case in which the electronic 
structure of diamond can be assumed to possess octahedral symmetry. The 
distribution of electron density has then a centre of symmetry at the point 
midway between every pair of linked carbon atoms. Since, further, the 
carbon atoms have equal masses, these points would continue to be centres 
of symmetry of the electron distribution in mode I, which would therefore 
be inactive to all orders of approximation. The remaining modes (II to IX) 
would also be inactive but for a different reason, viz., that the phase of 
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the vibration is reversed at each successive layer of atoms and the effects of 
successive layers would therefore cancel each other out in the first approxi- 
mation. 


We have now to consider whether the oscillations of the atomic layers 
in the modes II to IX would give rise to electric moments in the individual 
layers large enough to give an observable second-order effect of double fre- 
quency. The tetrahedral symmetry of diamond ensures that the atomic nuclei 
are also the centres of distribution of the negative electric charges surrounding 
them. But when the layers of atoms oscillate normally to themselves and 
the neighbours on either side of each layer do not move symmetrically with 
respect to it, the tetrahedral symmetry of distribution of charge would evi- 
dently be disturbed. As a result, each atomic plane would become an 
oscillating electric double layer, thereby giving rise to an observable second- 
order infra-red activity. A tangential oscillation of the atomic layers would, 
however, not be effective in the same manner or to the same extent. If, 
further, as in modes VIII and IX, the valence bonds only tilt but do not 
stretch, no appreciable dipole moments could develop. The relative acti- 
vities of the various modes can be assessed on the basis of these considerations 
and are shown in the last column of Table III. We may remark that modes 
V and VI are normal oscillations of the cubic planes, while modes IV and 
VII are those of the octahedral planes. In mode VII, the closely adjacent 
atomic layers approach and recede from each other, while the more distant 
ones remain at the same distance. In mode IV, the situation is reversed, 
viz., the closely adjacent layers remain at the same distance apart from each 
other, while the more distant one recedes and approaches. In these circum- 
stances, it is clear that mode VII should exhibit greater infra-red activity than 
mode IV, as shown in the table. 


7. THe SPECTROSCOPIC FACTS 


The spectroscopic behaviour of diamond has been very thoroughly 
investigated at Bangalore with the result that we have a wealth of experimental 
results at our disposal. The data for the spectral frequencies obtained by 
different methods have been set together in parallel columns and represented 
in the form of a chart below (Fig. 3). For lack of space, the chart omits 
reference to the infra-red emission spectra. These, however, closely follow 
the corresponding absorption spectra. 


The Scattering of Light.—Spectroscopic studies made prior to 1943 had 
revealed that diamond exhibits in light-scattering a frequency shift of 
1332 cm.-!, evidently representing our mode I. Following on the publica- 
tion of his theory (Raman, 1943), the present writer confidently ventured to 
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predict that diamond should also exhibit a second-order spectrum with other 
frequency shifts explicable as octaves and combinations of its eight funda- 
mental frequencies. An experimental investigation undertaken by Dr. R. S$. 
Krishnan soon afterwards confirmed this prediction. A detailed report on 
his latest findings appears in a paper by Dr. R. S. Krishnan (1947) appearing 
in these Proceedings. His earlier papers (1944, 1946) on the subject also 
contain valuable experimental material to which the reader is referred. It 
will suffice here to remark that these publications clearly establish the discrete 
character of the vibration spectrum of diamond indicated by the present theory. 
Of particular significance is the notable intensity of the second-order spectrum 
in relation to that of the first order, which clearly demonstrates that the energy of 
the high-frequency vibrations in the crystal is not diffused through it in the form 
of a “‘ wave’’, but is concentrated in extremely small regions comparable in 
volume with its lattice cells. The interesting fact that the octave of the 1332 
line is not the most intense one in the second-order spectrum,—being, in 
fact, the third in order of intensity—finds its explanation in the theoretical 
considerations set out in Section 5 of the present paper. Dr. R. S. 
Krishnan’s earlier spectrograms did not reveal the octave of mode VII. 
The theoretical prediction that it should appear in the second-order spectrum 
though only with a very small intensity has, however, been confirmed in 
his most recent investigations, 








her 
la- 


ing 
Iso 

It 
ete 


ry. 











The Vibration Spectra of Crystals—Z1I 367 


Infra-Red Absorption—Al\ll diamonds without exception exhibit an 
infra-red absorption in the region of frequencies between 1560 cm. and 
2470 cm.-!, the strength of which shows no appreciable variation from speci- 
men to specimen. It is therefore clearly a fundamental property of diamond. 
The existence of such absorption and its spectral characters are explained 
by the theoretical considerations set out in Section 6 of the present paper. 
The two prominent peaks in infra-red absorption appearing at 2010 cm. 
and 2170 cm.-! are clearly the octaves of the fundamental frequencies 1008 
and 1088. 


A study of the crystal forms of diamond from a new point of view (Raman 
and Ramaseshan, 1946) has shown clearly that the crystal symmetry of 
diamond is, in general, only tetrahedral, though some diamonds undoubtedly 
possess the higher or octahedral symmetry of structure. The fact that the 
great majority of diamonds exhibit infra-red activity of the first order ceases 
to be surprising in the light of this finding. The striking variations in the 
strength of such activity in different specimens also find their natural expla- 
nation in the interpenetration of the positive and negative tetrahedral 
structures which is also clearly indicated by the crystallographic evidence. 
From our present point of view, these facts are chiefly interesting since infra- 
red activity of the first-order makes the fundamental frequencies themselves 
accessible to observation. The three columns marked (I), (II), (II) in 
Fig. 3 represent results typical of those observed with different diamonds. 


A full report on the infra-red absorption spectra of numerous diamonds 
is made by K. G. Ramanathan (1947) in a paper appearing in these Pro- 
ceedings. It will suffice here to make a few remarks supplementing those 
contained in Section 6 of the present paper on the theoretical aspects of the 
subject. The small difference in structure which gives rise to the first-order 
activity in most diamonds would not make any difference in respect of the 
second-order activity. Hence no changes are necessary in respect of the 
entries in the last column of our Table III. If there were no interactions 
between the different normal modes, tetrahedral symmetry would result in 
making mode I active, the other modes remaining inactive in the first 
approximation. Actually, however, the differences between mode I and 
the other modes are due only to the differences in the phases of movement 
of the atomic layers. In view of this geometric similarity of the movements 
and the anharmonicity of the forces arising from the atomic displacements, 
a strong interaction between the different “‘ normal ” vibrations is inevitable. 
Such interaction would be the more powerful, the smaller the difference of 
frequency between mode I and the other mode under consideration. We need 
not therefore be surprised to find, as is actually the case, that the infra-red 
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activity of mode I results in the modes with frequencies not very remote 
from it also showing an observable activity of the first-order. 


Emission and Absorption by Luminescent Diamonds.—The emission 
spectra of luminescent diamonds are of two different kinds, viz., ‘“ blue 
luminescence ’”” and “‘ yellow luminescence’, and there are also two corres- 
ponding types of absorption spectra. These have their origin in electronic 
transitions which appear at A 4152 and A 5032 respectively and combine 
with vibrational transitions in the crystal, giving a spectrum stretching res- 
pectively towards longer wave-lengths in emission and towards shorter wave- 
lengths in absorption. The spectra are best studied with the diamond held 
at liquid air temperatures, the features observed in the spectra being then 
most sharply defined. The vibrational frequencies as determined from the 
emission and absorption spectra are practically identical. Indeed, these 
spectra exhibit a remarkable mirror-image symmetry about the electronic 
transition (A 4152 or A 5032 as the case may be), in respect of both position 
and distribution of intensity, thereby affording a clear demonstration that 
they arise from the combination of the electronic and vibrational frequencies 
of the crystal. 


The spectroscopic behaviour of no fewer than 28 diamonds in lumines- 
cence and absorption has been investigated in detail by Miss Anna Mani 
(1944). Her paper may be consulted for a full report on the subject including 
further details. One of her most interesting findings is that the vibration 
spectra accompanying the A 4152 and A 5032 electronic transitions are strik- 
ingly different in respect of the distribution of intensity. The vibrational 
transitions accompanying the A 4152 transition are principally those lying 
in the upper or infra-red range of frequency and their overtones, while those 
accompanying the A 5032 electronic transitions are principally the “ elastic” 
vibrations of lower frequency. Hence, the “‘ blue ” luminescence and corres- 
ponding absorption spectra are those which are important from our present 
point of view. Miss Mani has shown that the A 4152 transition is really a 
doublet, the width of the components as well as their separation varying 
with the specimen under study. Even at liquid air temperature, the total 
width covered by the electronic transition is never less than 20 cm.! and 
may be as such as 50cm.~’. This width necessarily appears in the specira 
when the electronic-frequency combines with the vibrational frequencies and 
hence obscures to some extent the monochromatic character of the latter. 
Even so, the discrete nature of the vibrational spectrum in the upper ranges 
of frequency is clearly manifest in the emission and absorption by “ blue” 
luminescent diamonds when held at liquid air temperatures. The observed 
frequency differences are shown in our chart (Fig. 3). 
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8. SUMMARY 

Considerations based on the crystal structure of diamond enable its 
nine eigenvibrations to be arranged on a descending scale of frequency. The 
magnitude of the force-constants involved can also be defined within narrow 
limits. The numerical values of the frequencies evaluated on the basis of 
the theoretical formule show a close agreement with the observed values. 
The geometry of the modes determines the changes in bond-polarisabilities 
and electron distributions produced by them, from which their activities in 
light-scattering and in infra-red absorption can be ascertained both in the 
first and in the second approximation. A comparison of the results with the 
experimental facts shows a striking agreement. The observed intensity of 
the second-order effects in relation to those of the first order indicates that 
the eigenvibrations are localised in volume elements comparable in size with 
the lattice cells of the crystal. 
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1. INTRODUCTION 


ROCKSALT is typical of the so-called ionic crystals and is a much-discussed 
substance. The evaluation of its characteristic vibration frequencies on the 
basis of the theory set out in Part I, and the consideration of its spectroscopic 
behaviour in the light of that theory will form the subject of the present paper. 
From an experimental point of view, the case of rocksalt is a less 
favourable one than that of diamond, the frequencies being very low and hence 
crowded together into a region of the spectrum where observation is difficult 
and the available resolving powers are small. Nevertheless, as we shall 
see, the main facts have been quite clearly established and are in striking 
accord with the theoretical deductions. 


2. NATURE OF THE INTERATOMIC FORCES 


Discussions of the energy of formation of the alkali halides and of their 
physical properties usually proceed on the basis that the main interaction 
between the constituent particles in these crystals is the ordinary electro- 
static or the Coulomb force between the ions, and that these forces which 
tend to contract the dimensions of the crystal are balanced by repulsive 
forces which vary much more rapidly with interatomic distance than do 
Coulomb forces between charges. Various additional interactions, e.g., 
Van der Waals forces, have also been considered by way of refinement of 
the theory. That the electrostatic or the Madelung term is the largest in 
the expression for the cohesive energy of the alkali halides thus derived 
might lead one to believe that the electrostatic forces would also principally 
determine the frequencies of vibration of the ions about their positions of 
equilibrium. Actually, however, this is not the case, as may readily be shown 
by considering the consequencies of the cubic symmetry of the ordering of 
the ions in the crystal. 
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Since the electrostatic forces acting on the ions vanish when they are 
located at the points of the lattice, it follows that at these points (0V/dx) = 
(3V/2y) = (0V/dy) = 0, where V represents the electrostatic potential in 
the vicinity of a lattice point due to all the ions except the one which is 
situated at that point. The cubic symmetry of the ordering also demands 
that (02V/dx2) = (0®V/ dy?) = (2°V/dz?). Combining these relations with 
Laplace’s theorem which states that the sum of these three quantities is zero, 
it follows that each of them would be individually zero. In other words, 
not only does the electrostatic field at a lattice point due to the surrounding 
ions vanish, but it also vanishes in its immediate vicinity. If, therefore, 
one of the ions is displaced a little from its position of equilibrium, the sur- 
rounding ions being undisturbed, there would be no force tending to restore 
the displaced ion to its position of equilibrium. The same situation would 
arise if we imagine all the Nat ions to be displaced a little in one direction 
and all the Cl- ions to be displaced a little in the opposite direction, so that 
each set of ions retains its cubic symmetry of arrangement. The resultant 
electrostatic force on each Na+ ion and on each CI ion in their displaced 
positions would vanish, and the frequency of the resulting oscillation would 
be zero, if forces of other descriptions were non-existent. We are accordingly 
compelled to recognize that the frequency of the vibration would be deter- 
mined entirely by interatomic forces which are not primarily of electrostatic 
origin. It follows that these are essentially short-range forces which have 
a considerable magnitude as between neighbouring atoms but diminish very 
quickly as between more distant ones. 


3. THE EIGENVIBRATIONS 


As in the case of diamond discussed in the preceding paper, the rock- 
salt structure has nine eigenvibrations, eight of which may be described as 
normal or tangential oscillations of the octahedral or cubic layers of ions 
alternately in opposite phases, and the ninth as an oscillation with respect 
to each other of the two interpenetrating lattices of Nat and Cl ions res- 
pectively. These modes may be readily visualised with the aid of diagram 
of the structure of rocksalt (Fig. 1). As in the case of diamond again, the 
first step we shall take is to arrange these nine eigenvibrations in a descending 
sequence of frequency, thereby facilitating a comparison of the theoretically 
derived spectrum with the experimental data. Such arrangement is readily 
possible in view of the conclusion stated earlier, viz., that the atomic inter- 
actions which determine the vibration frequencies are short-range forces. 


We may, in the first instance, consider the interactions between each 


Nat ion and the 6 surrounding Cl- ions and similarly also the interaction 
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Fig. 1. The Structure of Rocksalt 




















between each Cl ion and the six surrounding Na* ions, neglecting the forces 
due to the more distant ions in each case. So long as the octahedral grouping 
of the surrounding ions is undisturbed, the restoring force per unit displace- 
ment acting on the central ion when it is displaced would be independent 
of direction, and it is also evident that it would be the same whether it is 
Nat or Cl-. We shall denote this force by P and assume that it arises from 
an approach or recession of the Na+ and Cl- ions relatively to each other. 
The frequency of an oscillation would accordingly be determined by the 
magnitude of such displacements and by the masses of the moving particles. 
On this basis, the nine eigenvibrations fall into four groups, consisting of 
3, 2, 2 and 2 respectively, each group having the same frequency. The first 
group of 3 eigenvibrations consists of: 

(1) The normal oscillation of the cubic planes with Nat and Cl ions 
in these planes moving in the same phase; 

(II) the tangential oscillation of the cubic planes, with the Na+ and Cl 
ions in these planes moving in opposite phases; and : 

(II) the oscillation of the Nat and Cl lattices against each other in 
any arbitrary direction. 

It can be seen from Fig. 1 that the displacements of the Nat and Cl 
ions relatively to each other are the same in all these three cases, Accord- 
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ingly, the operative force-constant is equal to P and the frequency v of 
vibration in wave-numbers is given by the formula 
1 1 
41? y2c?— P ‘ES + a) (1) 
m, and mz, being the masses of the Na* and Cl- ions respectively. The second 
group of eigenvibrations consists of 
(IV) the normal oscillations of the Na* ions in the octahedral planes, 
the Cl ions remaining at rest; and 
(V) the tangential oscillations of the Nat ions in the octahedral planes, 
the Cl- ions remaining at rest. These two oscillations have the frequency 
1 , 
4? y2c? = P - m, (2) 
The third group of eigenvibrations consists of 


(VI) the normal oscillations of the Cl ions in the octahedral planes, 
the Nat ions remaining at rest: and 


(VII) the tangential oscillations of the Cl- ions in the octahedral planes, 


the Nat ions remaining at rest. These two oscillations have the frequency 
antvict= p- |, (3) 
Mm, 
The fourth group of eigenvibrations consists of 


(VIII) the normal oscillations of the cubic planes of atoms, the Nat 
and Cl ions in these planes moving in opposite phases and 
(IX) the tangential oscillations of the cubic planes of atoms, the Nat 
and Cl- ions in these planes moving in the same phases. These two oscilla- 
tions have the frequency 
4? y2c?— 0. (4) 
For a final ordering of the nine eigenvibrations in a descending sequence 
of frequency, we have to consider also the forces of interaction between each 
Nat ions and the 12 surrounding Na* ions, and similarly also the forces 
between each Cl- ion and the 12 surrounding Cl ions. It is readily seen 
that mode I would then have the highest frequency in the first group, since 
8 out of the 12 like ions move in the opposite direction to the ion under con- 
sideration and thereby increase the restoring force. In mode II, 4 of the 
like ions move in the same direction and 4 in the opposite direction, 
cancelling out each other’s effects. In mode III, all the 8 like ions which 
exert appreciable forces move in the same direction, thus diminishing the 
restoring force and therefore also the vibration frequency. The 3 
modes thus arrange themselves in the order indicated. In the second and 
third groups it is readily seen from considerations similar to those stated 
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above, that the normal modes would have higher frequencies than the 
tangential ones. This is also the case in the fourth group, the frequencies 
of which no longer vanish when the forces between like ions are taken into 
consideration. These have naturally the lowest frequencies of all the nine 
eigenvibrations. Table I summarises the foregoing results. 


TABLE I 
Eigenvibrations of the Rocksalt Structure 





Descendin g 
sequence of | Degeneracy | C'scillating units 
frequency . 


Direction 


: Detailed description 
of motion 





! 
| 
| Cubic Planes Normal and Cl ions moving in 
the same phase 
Cubic Planes Tangential Na and Cl ions moving in 
opposite phases 
Two lattices Arbitrary Na and Cl ions moving in 
opposite phases 
Octahedral Planes} Normal Na ions moving and 
Cl ions at rest 
Octahedral Planes} Tangential Na ions moving and 
| Cl ions at rest 
Octahedial Planes} Normal Cl ions moving and 
Na ions at rest 
Octahedral Planes) Tangential | Cl ions movings and 
Na ions at rest 
Cubic Planes | Normal Na and Cl ions in opposite 
phases 
Cubic Planes | Tangential | Na and Cl ions in same phases 














| 





4. EVALUATION OF THE EIGENFREQUENCIES 


To carry the matter a step further and evaluate the frequencies of each 
of the nine eigenvibrations, we shall make use of the exact theoretical 
formule derived by K. G. Ramanathan (1947) in a paper appearing in these 
Proceedings which take into account the interaction between the ions of 
each kind and their 26 nearest neighbours. They contain 11 independent 
constants which express the forces arising from such interactions and are 
connected by two additional relations. Ramanathan’s formule may 
be simplified by ignoring the effect of the 8 most remote ions expressed by 
his constant V appearing in them, and also by putting his constants R, S$ 
and S’ all equal to zero. The former step is justified on the view that we 
are here concerned with short-range forces, and the latter by the considera- 
tion that the constants R, S and S’ refer to forces which arise from displace- 
ments which do not alter the distance between the interacting ions. On 
any reasonable view of the origin of the interactions in an ionic crystal with 
cubic symmetry, such forces should be vanishingly small in comparison with 
the forces arising from displacements which alter the distances between the 
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interacting ions. It may be remarked also that T and U in Ramanathan’s 
formule represent forces between two ions of the same kind arising from a 
unit displacement of one of them, the force T being parallel to the displace- 
ment and the force U transverse to it, both being inclined at the same angle 
of 45° to the line joining the two interacting ions. In these circumstances 
and considering the ionic nature of the structure, it is a justifiable simplifica- 
tion of the formulz to put T = U and similarly also T’= U’. With these 
simplifications, the final formule contain only four unknown constants 
P, P’, T, T’ which are connected by the relation 

(P + 8T) = (P’+ 8T’) (5) 
Further, 

PST and P’ ST’ (6) 
from which it follows 

P= P’ (7) 
The formule for the frequency of the nine eigenvibrations as thus simpli- 
fied are listed in Table II. . 

TABLE IT 
Frequency Expressions 
P and P’ are positive ; T and T’ are negative. 





Descending 
sequence of 4n*y*c? Description of mode 
frequency 





P—8T + P’-8T' | 16(1+T’) | Normal oscillation of cubic planes with Na 
my Mo m,+me and Cl in same phase 











eg + 8(T+T’) Tangential oscillation of cubic planes with 


my Mo my+ms Na and Cl in opposite phases 


P+8T P’+8T’ | Oscillation of the two lattices in opposite 


phases 





my Meo 





P-—8T | Normal oscillation of Na ions in octahedral 
my | planes 








P+4T Tangential oscillation of Na ions in octa- 
m4 hedral planes 





P’—8T’ Normal oscillation of Cl ions in octahedral 
Ms planes 








P°+4T? Tangential oscillation of Cl ions in octa- 
Mo, hedral planes 








_ 16(T+T’) Normal oscillation of cubic planes with Na 
My +Ms | and Cl in opposite phases 








_ 8(T+T’) Tangential oscillation of cubic planes with 


MyM Na and Ci in same phase 
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One of the noteworthy features which emerge from the table is that 
the vibration in which the two lattices move in opposite phases is not that 
of the highest frequency but is only the third in the list, though the frequency 
differences between it and the two others above are not large. The four 
modes appearing in the middle of the table fall into pairs whose frequencies 
are approximately as the square roots of the masses of the chlorine and the 
sodium ions. The two modes at the foot of the table stand out from the 
rest by reason of the fact that their frequencies depend only on the weak 
interactions between similar ions instead of on the stronger interactions 
between the dissimilar ones, as in the case of the other modes. It will be 
noticed that the ratio of their frequencies is 4/2. 


5. ACTIVITY IN LIGHT-SCATTERING 


The eight eigenvibrations which are movements of the cubic and octa- 
hedral layers of atoms in the crystal are necessarily inactive in light-scattering 
in the first approximation, since the motion is in opposite phases in alternate 
layers. The oscillation of the lattices of Na and Cl ions with respect to each 
other is also inactive but for a different reason, namely the location of the 
Na and Cl ions alternately along the cube axes, in consequence of which the 
variations of their optical polarisability resulting from their movements 
cancel out in the first approximation. 


In the second approximation, all the nine modes may be active, giving 
rise to octaves and combinations of the fundamental frequencies as 
shifts in light-scattering. The intensity of the observable effects would how- 
ever depend notably on various factors, including especially the nature of 
the movements of the neighbouring Na and Cl ions with respect to each 
other. These movements are very similar in modes I, II and III, the two 
Cl ions on each side of a Nat ion along the cube axis respectively approach- 
ing and receding from it, while the two Nat ions on each side of a Cl ion 
behave similarly with respect to the latter. Provided the amplitude of atomic 
movements is sufficiently large, which would be the case in the present theory 
which regards the movements as restricted to extremely small volume ele- 
ments in the crystal, each pair of neighbouring Nat and Ct ions at the phase 
of their nearest approach would have a polarisability greater than the value 
averaged over the whole period, thus giving rise to a variation of double 
frequency. Modes I, II and III would therefore all be active to much the same 
extent, but since mode II has a degeneracy 6, it should appear as the octave 
more strongly than either mode I or III which has a degeneracy of 3 only. 


We may now consider modes IV and V which represent oscillations of 
the Nat ions only lying in the octahedral layers, as also modes VI and VII 
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which represent similar oscillations of the Cl ions only. We notice that 
the nature of the approach of the Nat and CI ions to each other is very 
different in the normal and tangential modes in each case. In the normal 
modes, viz., IV and VI, six ions of one kind simultaneously approach or 
recede from an ion of the other kind, while in the tangential modes, viz., 
V and VII, two ions of one kind approach, two recede, and two others remain 
at the same distance. Hence the changes of polarisability should be much 
larger in the normal modes IV and VI than in the tangential modes V and 
VII. Further, since the refractivity of the C! ion is very much larger than 
that of Nat, it follows that mode VI in which the six Cl- ions surrounding 
a Nat ion simutaneously approach or recede from it should display a much 
stronger activity in light-scattering than mode IV in which six Na+ ions 
simultaneously approach or recede from a Cl ion. Indeed, one may justi- 
fiably infer that in respect of intensity in second-order scattering, mode VI 
would transcend in intensity all the other eight modes. Mode VIII which 
is a normal oscillation of the cubic planes involves only small changes in the 
relative distance of the Na+ and Cl- ions and should therefore be very weak 
in light scattering, while mode IX which is a transverse oscillation of the same 
planes should be still weaker. 


6. AcTIviry IN INFRA-RED ; ABSORPTION 


Since the two interpenetrating lattices in the structure of rocksalt con- 
sist of dissimilar particles, their oscillation against each other (mode III in 
our table) is necessarily active in infra-red absorption. In all the other 
eight eigenvibrations, the phase of the motion is reversed at each successive 
layer, and hence if regarded as independent normal vibrations of the structure, 
they should be inactive in respect of infra-red absorption. The assumed 
independence of the modes in respect of their excitation by infalling radia- 
tion is, however, very far from corresponding with reality. Owing to the 
anharmonicity and the finite amplitudes of oscillation, the different eigen- 
vibrations are in effect coupled with each other, and hence any one mode 
which is active would induce an activity in the other so-called inactive modes. 
Modes I and II are very similar to mode III in their general character, since 
the latter may be regarded as being either a normal] or a tangential oscilla- 
tion of the layers of the Na+ and Cl ions in the crystal parallel to the cubic 
planes. They also differ from it comparatively little in frequency. Hence 
the intense activity of mode III, consequential on the Na+ and CI ions carry- 
ing opposite charges of electricity, must necessarily also result in inducing 
a strong activity of modes I and II. Mode III may likewise be regarded as 
a normal or tangential oscillation of the octahedral layers of the Nat and Cl- 
ions in the crystal against each other. Hence the intense activity of mode 
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III would similarly induce an activity of modes IV, V, VI and VII, but ina 
much less measure than in the case of modes I and II, since the former involve 
only the Nat or the Cl- layers moving but not both, and also since the approxi- 
mation in frequency is much less close. We may therefore conclude that 
the first-order infra-red activity of rocksalt would be very strong for modes 
I, II and III, and would fall off rapidly as we pass successively to modes IV, 
V, VI and VII. Modes VIII and IX could scarcely be expected to show any 
such induced activity of the first order in view of their very low frequencies, 


Second-order infra-red activity may arise either from mechanical or 
electrical anharmonicity. In the present case, since the Nat and CI ions 
carry electric charges, it is the mechanical anharmonicity with which we are 
principally concerned. Since mode IIT has an intense first-order activity, 
it should also be active in the second order. The other eight modes being 
inactive in the first order if regarded as independent normal vibrations, they 
can be active in the second order only by reason of electrical anharmonicity. 
Such activity would however be much less important in the circumstances 
of the case than the activity induced by their proximity in frequency to the 
intensely active fundamental vibration, viz., mode III. In other words, such 
of the octaves and combinations of the various primary frequencies as are 
not too remote from the fundamental frequency of mode III may be expected 
to become active to an extent determined principally by such contiguity. 


7. THE SPECTROSCOPIC FACTS 


The results set out in the four preceding sections taken as a whole give 
us a theoretical picture of the spectroscopic behaviour of rocksalt capable 
of being compared with the picture of the actual facts as observed by various 
investigators. Such a comparison shows a striking agreement, both gene- 
rally and in details, and thus confirms the correctness of the theoretical 
approach made to the problem. For the sake of convenience, we shall make 
the comparison in three successive steps. 


The Frequency Spectrum.—Table II gives the theoretical formule for 
the frequencies in terms of four force-constants, viz., P, P’, Tand T’. These 
constants are not all independent but are connected with each other by the 
relation (P + 8T), = (P’+ 8T’), with the further indication that P and P’ 
are nearly equal to each other, and that both are very much larger than 
T and T’. We can make use of these relationships to simplify the formule 
still further by replacing both P and P’ in the expressions by a single con- 
stant P which is the mean of the two, and similarly replacing T and T’ by 
a single constant T which is their mean. From the structure of the formulz, 
it is evident that such replacement would not materially alter the numerical 
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TABLE III 
e Calculated and Observed Values of the Eigenfrequencies 
i- P=2.422 x 104 dynes per cm. T= — 0-053 x 10* dynes per cm. 
it | me | , 
‘ng 2.2.3 | Calculated Observed | Activity in | 
S Serial Order anvr*c Frequency | Frequency Beene: 
; 
. ae | 
Yy cm. cm. ? | 
: eee kn ie eee 172 175 Strong | 
bu my+ Mo | 
e I | P 16T ci 167 Very Strong 
1S I “i 7 M14+Mo 
“ | P48 
ow — 157 150 Strong 
y; | # | 
) i ae x | 
: a ie 145 143 Stiong 
'y my 
: | Or. ial toe 128 129 Weak | 
»S | | my | 
| | — oc 
€ | | p-8T 
h | VI | —— 117 117 Very Strong 
. aa peer 
d | vii | ——— 103 101 Weak 
Mey | 
| | 7 sand | 
| VIII J ._ 70 67 | Very Weak ! 
| m+ Mo | 
| ssh ‘ V 
e | Ix ei aoe 50 43 Very Weak 
e 
" value of any of the frequencies, while on the other hand, it affords the ad- 
- vantage of enabling us to express all the nine frequencies in terms of two 
i independent constants only, one of which is very much larger than the 
e other. Table III shows the formule as thus simplified in the second column, 
p» being the usual symbol for the reduced mass of the Nat and Cl-ions. With 
Tr the assumed values of P and T shown at the head of the table, the 
e numerical values have been calculated and shown in the third column in 
e wavenumbers. The fourth column shows the observed frequencies, derived 
i from the investigation by Dr. R. S. Krishnan on the second-order spectrum 
n of light-scattering reported in these Proceedings (1947). It will be noticed 
e that there is excellent agreement throughout. 
e Activity on Light-Scattering—In his paper on the case of rocksalt % 
y ; appearing in these Proceedings, Dr. R. S. Krishnan (1947) has set out and 
‘s discussed the facts ascertained by him in full detail, and it is scarcely neces- 
l sary therefore to traverse the same ground here, It is sufficient to remark 
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that in all respects, viz., the discrete structure of the spectrum, the magnitude 
of the frequency shifts and the relative intensities with which they appear, 
the experimental facts are in agreement with the indications of theory set 
out in Section 5 above. Of particular significance is the observation made 
by Krishnan that the sharp and intense line with a frequency shift of 235 cm>, 
which is a conspicuous feature in the spectrum as recorded even with small 
instruments, remains sharp and gains in intensity relatively to the rest of the 
spectrum when recorded with instruments of higher dispersion and greater 
resolving power, thereby clearly demonstrating its monochromatic character. 
As will be seen from Table III, this line represents the octave of mode VI. 
It appears with an intensity transcending that of all other features in the 
spectrum, a fact which is readily understood since in this mode, the Cl- ions 
which have a far higher refractivity than the Nat ions simultaneously 
approach towards or recede away from the latter in groups of six at a time. 


Activity in Infra-Red Absorption—The fundamental mode of highest 
frequency and its overtones sharply define the upper limits of frequency 
of the successive orders of spectra. Expressed in wave-lengths, these limits 
are respectively 57 4, 29, 19 and 144. On our present theory, we should 
expect large changes in the behaviour of rocksalt on passing over these limits. 
In agreement with this expectation, the observational data show a transition 
from nearly perfect transparency to practically complete opacity for a thick- 
ness of 5cm. in the wave-length range from 14to19p. A similar transi- 
tion occurs for a thickness of 0-05 cm. in the wave-length range of 19» 
to 29, and for a thickness of 0-0005 cm. in the wave-length range from 
29. to 57. For the last mentioned thickness the most intense absorption 
is found in the region from 57, to 66 which includes the frequencies of 
the three most strongly active modes I, II and III. The overall picture of 
the observed behaviour of rocksalt is thus in accord with the indications 
of the theory. 


In view of the numerous overtones and combinations present and also 
considering the prominent role played by mechanical anharmonicity in the 
absorption of infra-red radiations by rocksalt, we would not be justified in 
expecting the absorption data to show up the discrete character of the vibra- 
tion spectrum very obviously. ~ Even if theoretical considerations had per- 
mitted any such result, the low resolving powers used and the difficulties of 
observation in the remote infra-red would prevent its realisation. Some 
indications of the discrete structure of the spectra are however forthcoming 
from the work of Czerny (1930) and Barnes and Czerny (1931). These 
authors have studied the variation with wave-length in the reflecting power 
of a rocksalt plate at nearly normal incidence, and also the variations of 
the transmission coefficient with wave-length for plates of different thicknesses, 
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Fig 2. Reflecting Power of a Rocksalt Plate 
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Fig. 3. Absorption Spectra of Rocksalt Films 
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Their results are shown in Figs. 2 and 3, carefully redrawn with wavenumbers 
instead of wave-lengths as abscisse; for purposes of comparison, the funda- 
mental vibration frequencies and their overtones have been indicated on 
the abscisse by heavy lines and the various possible combinations by dotted 
lines. It will be seen from Fig. 2 that the reflecting power rises steeply and 
reaches its maximum value at the point where the first-order vibration spec- 
trum ends. The fall of the reflecting power in the region of the second-order 
spectrum is less abrupt and shows undulations, the positions of which roughly 
agree with the overtone frequencies of our modes VII, VI and V. 


It is a noteworthy feature in Fig. 3 that the “peak” of absorption 
even with the thinnest films does not coincide with the frequency of the 
oscillation of the Nat and Cl lattices with respect to each other which is 
our mode III, but is shifted definitely to a higher frequency. The explanation 
of this effect is evidently that besides mode III, there are other modes, viz., 
I and II, and also various combinations in the vicinity which are active, and 
the course of the absorption curve is determined by the superposition of all 
their activities. The subsidiary maximum at 143 cm.-! noticed in the absorp- 
tion curve for the second thinnest film may be identified with the funda- 
mental frequency of mode IV. With the thickest of the three films, undula- 
tions are noticed in the absorption curve at approximately the same fre- 
quencies as the octaves of modes VII and V. Mentzel (1934) has recorded 
an inflexion in the absorption curve of rocksalt at about 290 cm. which may 
be interpreted as due to the activity of the overtones of modes III and IV. 


7. SUMMARY 


It is pointed out that the vibration frequencies of the rocksalt structure 
are determined entirely by short-range atomic interactions, since the effects 
of the Coulomb forces cancel out. The numerical evaluation of the nine 
eigenfrequencies on this basis leads to results in excellent accord with the 
observational data. Their activities in light-scattering and infra-red absorption 
are also discussed. The vibration most strongly active in light-scattering is that 
of the Cl ions normal to the octahedral planes, the Na+ ions remaining at rest. 
It is also pointed out that the peak of the infra-red absorption at 61 for 
thin films observed by Barnes and Czerny does not represent the frequency of 
oscillation of the Na and Cl lattices with respect to each other, but is shifted 
with respect to it owing to the activity of other modes in the vicinity. 
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1. INTRODUCTION 


MAGNESIUM OXIDE crystallises in the cubic system and X-ray diffraction 
studies show that its structure is similar to that of rocksalt. The high 
values of its density and elastic constants indicate, however, that the atomic 
interactions are far stronger in magnesium oxide than in rocksalt. This 
circumstance taken in conjunction with the low atomic weights of magnesium 
and oxygen has a notable influence on the vibration frequencies of the 
structure. Instead of being crowded together in the remote infra-red as 
in the case of rocksalt, the spectral frequencies are high and widely separated 
from each other and by the same token are very little influenced by thermal 
agitation. Magnesium oxide is accordingly a perfect choice for a material 
that would demonstrate by its spectral behaviour the monochromatic 
character of the atomic vibration frequencies in crystals. This indication 
of theory is strikingly borne out by the observations of Barnes and Brattain 
(1935) on its infra-red absorption spectrum. Employing plates of five 
widely different thicknesses obtained by cleavage from a large synthetically 
prepared single crystal, they recorded their absorption-curves with a rock- 
salt spectrometer, using an amplifying arrangement which gave a 150-fold 
magnification of the galvanometer deflections. The results showed the 
presence of some 40 well-defined absorption lines between 6y and 15-5y, 
those of shorter wavelengths being most clearly exhibited by the thicker 
plates and those of longer wavelengths by the thinnest of the five plates. 


In view of the similarity of structure, the nine fundamental frequencies 
of MgO may be evaluated with the aid of the same formule as in the case 
of rocksalt considered in the preceding paper. The three fundamentals 
with the highest frequencies are found to fall within the region investigated 
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by Barnes and Brattain, and their positions can be checked from the absorp- 
tion curves published by these authors. The positions of the other six 
fundamentals as evaluated from the formule find exerimental support in 
the observations made by Strong (1931 a,b) and by Fock (1934) in the 
region of wavelengths beyond the reach of a rocksalt spectrometer. The 
numerous other absorption lines noticed by Barnes and Brattain are evidently 
the overtones and summations of the nine fundamental frequencies. 


2. EVALUATION OF THE NINE FUNDAMENTAL FREQUENCIES 


Some idea of the magnitude of the forces which hold the magnesium 
and oxygen atoms together in the crystal may be obtained from the results 
of the analysis of the band spectra of MgO in the state of vapour (P. C. 
Mahanti, 1932). The vibration frequencies as deduced from the “red” 
and “green” systems of bands are ‘respectively 822cm.— and 812cm- 


TABLE I 


Calculated Eigenfrequencies of Magnesium Oxide 
P = 2°82 x 10° dynes per cm, T= — 0-05 x 105 dynes per cm. m,= mass of hydrogen atom. 
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{ | 
cm. B 

Vy Normal oscillation of cubic planes, Mg 3 0-1037P—0-036T 704 14-2 

and O atoms in same phase. 

¥2 | Tangential oscillation of cubic planes, 6 0-1037P+0-397T 680 14-7 

Mg and O atoms in opposite phases. 

V3 Oscillation of Mg and O lattices in oppo- 3 0-1037P +0-830T 652 15-35 

site phases. 

M% Normal oscillation of octahedral layers 4 0-0625P —0-5T 584 17-1 

of O atoms, Mg being at rest. 

Vs Tangential oscillation of octahedral 8 0-0625P +0-25T 527 19-0 

layers of O atoms, Mg being at rest. 

¥_ | Normal oscillation of octahedral layers 4 0-0412P—0-+33T 474 21-1 

of Mg atoms, O being at rest. 

vy, | Tangential oscillation of octahedral 8 0-0412P+0-165T 428 23-4 

layers of Mg atoms, O being at rest. 

Vg Normal oscillation of cubic planes, Mg 3 -—0-794T 258 38-8 

and O atoms in opposite phases, 
= Se 
vg | Tangential oscillation of cubic planes, 6 -0-397T 184 64-4 
Mg and O atoms in same phase, 
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in the lower state and 668 cm.! and 771 cm." in the upper state. We may 
reasonably expect to find frequencies of this order of magnitude also in the 
vibration spectrum of the crystal. Actually, all the investigators [Tolksdorf, 
(1928), Fock (loc. cit.), Barnes and Brattain (Joc. cit.)] have found a strong 
absorption at about 14-2, (704cm.-'). Taking this to represent the funda- 
mental of highest frequency, we may at once evaluate P, the larger of the 
two constants which we need to know. The second constant T may, as 
in the case of rocksalt, be expected to be quite small in comparison with P. 
The frequencies of the two lowest fundamentals are determined exclusively 
by the value of T, but as they are not directly accessible to observation, we 
have to choose T so as to fit the facts best over the whole range of the 
spectrum. Table I above shows the nine eigenfrequencies of MgO as calcu- 
lated from the simplified formule of the preceding paper, with the atomic 
weights of oxygen and magnesium substituted for those of sodium and 
chlorine. The values of P and T adopted are shown at the head of the 
table. 
3. THEIR INFRA-RED ACTIVITIES 

If all the eigenvibrations are completely independent normal modes, 
only v; which is the oscillation of the Mg and O lattices of atoms against 
each other would be active in infra-red absorption, and the rest would be 
inactive. As remarked already in the cases of diamond and rock-salt, such 
independence of the normal modes does not, as a matter of fact, subsist. 
On the other hand, there is clear evidence of the existence of a strong 
coupling between them due to anharmonicity and the finite amplitudes of 
vibration. As a consequence of this coupling, the activity of any mode 
results in an induced activity of the modes having frequencies not too greatly 
differing from it. On this basis, we should expect not merely v3, but also 
the higher and lower frequencies to be active in infra-red absorption. v, 
and vy in the table may however be expected to be more or less completely 
inactive by reason of their very low frequencies in comparison with 13. 


Barnes and Brattain studied the reflecting power of an MgO crystal 
and found that it rises steeply from about 13 and shows a double maxi- 
mum at 14-8 and 15-3, of about 65% in each case and then drops down 
again sharply. That the peak at 14-8 yp is itself the joint effect of more than 
one active frequency between 14 and 15, is clearly shown by their absorp- 
tion curve for this region recorded with the thinnest of their five plates, as 
well as by that obtained with a layer of MgO fumed on to a plate of NaCl. 
As we shall see later, three summational frequencies (vs+ v9), (v7+¥,) and 
(v+ 9) also fall in the vicinity, and it is therefore not surprising that a good 
deal of detail is observed in this region. There is however no difficulty in 
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recognising the presence in the absorption curves of two closely adjacent 
fundamental frequencies at about 14-15 and 14-55, respectively besides 
a third at 15-35, in agreement with the indications of theory shown in 
Table I. 

Strong (1931 a) studied the transmission through a film of MgO of 
infra-red radiations of selected wave-lengths obtained by means of crystal 
reflections. Table II exhibits his results. 


TABLE II 
Percentage Transmission by MgO Film 





| | 
Wavelength in “ ++] 67 | 8-7 | 20-75) 22-9 | 27-3 | 29-4 
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TABLE III 
Percentage Reflection from MgO Crystal 





| | 
[Wavelength in # e ..| 20-7 | 23 | 27-3 | 29-4 | 32-8 

















Percentage Reflection -- --| so | 72 44 42 35 
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In the same paper, Strong recorded the percentage of reflection by an 
MgO crystal at 22-9 w and 32-8 as 80% and 33% respectively. In a later 
paper (1931 5) he gives fresh determinations over these and many more 
wave-lengths, and these are listed in Table III. The results obtained by 
Strong, viz., practically complete absorption for 20-75 and 22-9, and 
nearly total reflections at the same wave-lengths are what should be expected 
if there are fundamental frequencies at 21-1 and 23-4 as shown in 
Table I. The practically complete transparency for longer wave-lengths and 
the near identity of the reflecting power for such wave-lengths with the theo- 
retical value of 27% given by the dieiectric constant 9-8 are also significant. 
They are fully consistent with the absence of any fundamental frequency 
between 24 and 38 and the inactivity of the two lowest frequencies at 
38-8 and 54-4, respectively. 

Since Strong’s observations indicate that the fundamental frequencies 
at 21-1 and 23-4 are strongly active, and since this activity is an induced 
effect, we should expect the fundamentals at 17-1 and 19-Oy appearing 
in Table I to be still more strongly active, especially the one at 17-1 win view 
of its being adjacent in frequency to the “‘ active ” third fundamental. This 
indication is strikingly supported by the observations of Fock (1934). This 
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author, working with a film of MgO found that by far the strongest absorp- 
tion in the whole wave-length region between 2p and 40, is at the wave- 
length 17-3, and that the absorption falls off rapidly both towards longer 
and shorter wave-lengths. This observation shows clearly enough that 
17-3 is very close to an active fundamental. But it seems at first sight 
rather surprising that the activity of v, shouid exceed that of v, so notably. 
It may be recalled, however, that in the case of rocksalt, a similar situation 
but in the opposite direction arises, viz., the peak of infra-red absorption 
by thin films is situated at v, instead of at vz. One may therefore hazard 
the suggestion that the explanation is the same in both cases, the reversal 
as between NaCl and MgO being due to the fact that the metallic atom is 
the lighter in one case and the heavier in the other. 


Jt may be remarked that no direct observation of the two lowest funda- 
mentals v, and vg is possible since they are inactive. The fifth fundamental 
vs falls on the steeply rising part of the transmission curve of Fock but is not 
indicated by any distinct peak of absorption. It is to be presumed therefore 
that its activity is rather low, possibly for the same reason that the activity 
of vg is very high. 


4. ANALYSIS OF THE ABSORPTION CURVES 


The range of wave-lengths covered by the observations of Barnes and 
Brattain includes besides 3 out of the 9 fundamentals, also 7 out of the 9 
octaves, 34 out of the 36 possible summations of the frequencies taken two 
at a time, and nearly all of the 93 frequencies appearing in the third-order 
spectrum. It might seem at first sight scarcely possible to analyse an absorp- 
tion spectrum including such a crowd of distinct frequencies. Various 
factors however simplify the task considerably, especially since the nine 
fundamental frequencies are known in advance with some precision. Firstly, 
the fundamental of highest frequency and its overtones fix the upper limits 
of frequency for the successive orders of spectra. Expressed in infra-red 
wave-lengths, these limits are 14-2, 7-1 and 4-7, respectively. We do 
not therefore have to look for any fundamentals between 14-2 and 7-ly 
or for second-order lines between 7-1 and 4-7. Intensity considerations 
are also very helpful. In a particular region of the spectrum, a fundamental 
may be expected to appear more strongly than an octave, an octave more 
strongly than a summation of two frequencies, a second-order frequency 
more strongly than one of the third-order, and so forth. Considerations 
of this kind are strongly supported by the observations recorded with the 
five plates of widely different thicknesses which enable us to assess the activity 


in absorption of the various frequencies. Comparison of the different 
A¢ 
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absorption curves shows, for instance, that with the thinnest plate of all 
(0-075 mm.), the first-order spectrum is strongly developed, the second- 
order spectrum appears rather weakly and the third-order spectrum stil] 
more weakly. With the next thicker plate (0-12 mm.), the first-order js 
completely blocked out, the second-order is very strongly developed, and 
the third-order is quite definitely present. With the plate of thickness 
0-47 mm., the second-order spectrum is blocked out for wave-lengths greater 
than 10, but for the wave-lengths between 7» and 9 » where all the absorp- 
tions are necessarily weak, the observations with this plate as well as with 
the still thicker plate (1-75 mm.) are distinctly helpful. 


The octaves of the fundamental frequencies are those most easily recog- 
nised in the absorption curves, and their observed positions furnish welcome 
confirmation of the correctness of the theoretically determined fundamental 
frequencies. 2v7, 2vg, 2v; and 2v, are seen very clearly in the absorption 


TABLE IV 
Calculated and Observed Absorption Frequencies 









































} | 
Sl. ne Wave-length | Frequency | : Calculated 
No. Plate thickness Observed Observed | Anarene Frequency | 
— , maeie ; ae 
mm, nm cem.7} | cm. | 
1 0-075 15-4 651 vs 652 
2 0-075 15-2 658 ¥et%s 658 
3 0-075 14-7 680 Ye 680 
4 0-075 14-4 694 re +%e 686 
5 0-075 14-2 704 vy 704 
6 0-075 14-0 714 Vgt%s | ll | 
7 0-075 13-8 725 Vets 732 
8 0-075 13-1 763 Wgt¥o 768 | 
9 0-075 12-8 781 Vets 75 | 
10 0-075 12-1 826 Vet¥y 836 
ll 0-12 11-7 855 Qv_ 856 
12 0-075 11-6 862 Votre 964 
13 0-12 11-15 897 Pi tM 88 
14 0-12 10-9 917 Vets 902 
15 0-075 10-7 935 Po+¥e 938s 
16 0-12 10°5 952 276 948 
17 0-075 10-2 980 WytM%s 962 
18 0-12 10-0 1000 Mst¥s ol | 
19 0-12 9-5 | 1053 25 1054 
20 0-12 9-3 1075 Vetre 1080 
21 0-12 9-0 1111 Mets Mil 
22 (+075 8-8 1136 Wy +07 | 1132s] 
23 1°75 8+7 1149 Mate 1154 
24 0-12 8-5 1177 2, 1168 
25 0-12 8-3 1205 Yo+¥5 1207 
26 1-75 8-15 1227 Mats 1231 
27 0-12 7:9 1266 vats | 1264 | 
28 0-47 7°6 1316 2v; | 1304 
29 1-75 1-3 1370 27, | 1360 
30 3-05 71 1408 2y, 1408 
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curve of the plate 0-12 mm. thick. 2», is indicated by a complete cut-off in 
a small region of wave-lengths on either side of 11-7. 2 is indicated by 
a very prominent dip in the curve at 10-5. 2v, is marked by a sharp and 
fairly prominent absorption line at 9-5u. 2v, may also be made out at 8-5, 
but appears much better developed as a deep trough at that position with the 
next thicker plate(0-47 mm.). A trough appears in the same curve at 7-6 
which is the position of 2v3. A dip at 7-3 in the absorption curve for the 
plate of 1-75 millimetre thickness may be identified with 2»,, and the dip at 
7-1 in the absorption curve of the thickest plate with 27. 


The second-order combinations are much more numerous than the 
octaves, and hence it is not quite so easy to identify their appearance in the 
absorption curves. Especially, however, in the case of the two thinnest plates 
where the confusion arising from the superposition of the still more numerous 
third order combinations is not so serious, assignments may be made of 
the features observed in the absorption curves with some measure of confi- 
dence. Table IV is a collected list of 30 absorption lines in the first and 
second order spectra with their respective interpretations in terms of the 
nine fundamental frequencies. 


5. SUMMARY 


The nine fundamental frequencies of the magnesium oxide structure 
ate theoretically evaluated. Expressed as infra-red wave-lengths, they are 
respectively 14-2, 14-7, 15-35, 17-1, 19-0, 21-1, 23-4, 38-8 and 54-4y. 
All except the last two are active in the infra-red and their positions check 
very closely with the absorptions observed by Barnes and Brattain, by Strong 
and by Fock. The octaves of the first seven fundamentals and numerous 
summational frequencies including also the two inactive fundamentals have 
been identified with the lines recorded by Barnes and Brattain in the absorp- 
tion spectrum of cleavage plates of various thicknesses. 


Note added, 26th November 1947.—Deutschbein (Annalen der Physik, 
1932, 14, 712) found that a small percentage of chromic oxide can be success- 
fully incorporated in MgO, thereby causing it to become luminescent when 
irradiated. The spectrum of this luminescence with the phosphor at room 
temperature, as also when it is cooled down to —195°C. has been investi- 
gated by him. At room temperature, a strong emission appears at A 6991 
in the red, with subsidiary bands symmetrically disposed about it on either 
side. These bands are due to the combination of the electronic transition 
at 16991 with vibrational transitions in the MgO structure, as is proved by 
the fact that at low temperatures the bands at shorter wave-lengths vanish, 
while those at longer wave-lengths persist. As the result of the cooling 
Ada 
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the principal emission shifts to 4 6981 and becomes sharper, while the bands 
appearing at longer wave-lengths are resolved into a group of lines of varying 
intensities and widths in close juxtaposition. Other weaker electronic lines are 
also noticed in the vicinity of 46981. These are found to be stronger with some 
samples of the luminescent material than with others differently prepared, 
Deutschbein’s data for the samples which do not show these weaker lines 
at room temperature indicate that all the subsidiaries exhibited at liquid air 
temperature (other than the weak electronic transitions) are due to combi- 
nation of the principal emission at A 6981 with vibrational transitions in the 
MgO structure. The eigenfrequencies of MgO thus deduced are found to 
agree closely with the frequencies theoretically derived in the present paper. 
The diffuseness of the vibrational lines is accounted for by the width of the 
electronic line and the loading of the MgO lattice by the heavy atoms of 
chromium. 
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1. INTRODUCTION 


LirHiuM and sodium fluorides are cubic crystals, their structure being of the 
NaCl type. The evaluation of their eigenfrequencies and the explanation 
of their spectroscopic behaviour are of particular interest for two reasons. 
Firstly, the low atomic weights of both the metal and the halogen and the 
strong interactions between the atoms in these fluorides result in their vibra- 
tion spectra appearing at shorter wave-lengths than with all the other alkali 
halides. Secondly, as the result of the disparity in atomic weights of metal 
and halogen in lithium fluoride, the modes in which the fluorine atoms alone 
oscillate have much lower frequencies than those in which the lithium atoms 
alone or both lithium and fluorine atoms together oscillate. The atomic 
weights of sodium and fluorine do not differ so widely, and hence there is a 
closer approximation to each other of the various eigenfrequencies in the 
case of sodium fluoride. The spectroscopic behaviour of the two fluorides 
differs notably as the result of these circumstances. 


2. EVALUATION OF THE EIGENFREQUENCIES 


As in the cases of NaCl and MgO, the nine eigenfrequencies can be calcu- 
lated from the simplified theoretical formula containing only two force- 
constants, one of which is much larger than the other. The large constant 
P is practically fixed by the highest of the nine eigenfrequencies, while the 
small constant T completely determines the two lower frequencies and 
notably influences also the intermediate ones. P can be found at once, 
while T is so chosen as to fit the spectroscopic facts best over the whole range 
of observation. Table I shows the evaluation for the case of lithium fluoride 
and Table II for the case of sodium fluoride, the values of P and T being in 
tach case shown at the head of the table, 
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TABLE I. Eigenfrequencies of Lithium Fluoride 
P = 1-02 x 105 dynes/em. T= — 0-015 x 105 dynes/cm. my, is the mass of the hydrogen atom 
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vy . Normal oscillation of the cubic planes with | | 0-197 P—-0-347 16-9 g 
Zi and F atoms in same phase | | 
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¥_ «| Tangential oscillation of the cubic planes | 6 | 0-197 P+0-627 17-5 p | 
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Vs ..| Normal oscillation of cubic planes with . 4 —1-23 r| 56 yu 
Zi and F atoms in opposite phase | 
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P = 6-82 x 10+ dynes/cem. T 


TABLE II. Eigenfrequencies of Sodium Fluoride 


— 0-10 x 104 dynes/cm. m, is the mass of the hydrogen atom 
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3. ABSORPTION AND REFLECTION BY LITHIUM FLUORIDE 


Reinkober (1926) made some observations on the reflection and absorp- 
tion of radiations in the near infra-red by lithium fluoride in the form of 
plates obtained by compressing the powder under high pressure. Later, 
Barnes (1932) studied the absorption curves in the remote infra-red by very 
thin films of the substance. The absorption, reflection and dispersion by 
single crystals has been investigated over a wide range of wave-lengths by 
Korth (1932) and by Hohls (1937). As the result of these various studies, 
we have a picture of the spectroscopic behaviour of lithium fluoride which 
can be interpreted in the light of the theoretical results. 


Table I shows that 16-9 is the shortest wave-length in the first-order 
spectrum. 8-5 and 5-6 would therefore be the shortest wave-lengths 
respectively in the second-order and third-order spectra of overtones and 
summations of the fundamental frequencies. We should accordingly expect 
a large increase in the absorption coefficient in passing from 5-6 to 8-Su 
and a further very large increase in passing from 8-5to 16-9. The absorp- 
tion measurements made by Hohls for various wavelengths and thicknesses 
fully support these indications of theory. Between 16 and 35, is a region 
of intense opacity as is to be expected. Hohls found a very weak but 
measurable transmission at 39» and a notably larger transmission at 41 p. 
The measurements likewise show that a steep rise in the reflecting power 
starts at about 14 and that a maximum of 78% is reached at 17. The 
reflection cocfficient then diminishes a little and shows a minimum of 72% 
at 20. Beyond this wave-length it increases again and reaches a maximum 
value of 92% at 28. It then diminishes rapidly to €0% at 37 and to 38% 
at 40 u, beyond which the fall is more gradual. The measurements of absorp- 
tion in very thin films made by Barnes likewise show that the strongest 
absorption is in the region of wave-lengths between 30 and 35,, the peak 
appearing at 32-6». 

The facts recited above are readily understood on the basis that the first 
seven of the nine fundamentals listed in Table I are rendered strongly active 
by reason of their coupling with the so-called ‘‘ active’? mode v,, with the 
result that the whole range of wave-lengths between 16:9 and 34-2, is 
one of intense opacity. The sixth and seventh fundamentals », and », 
represent the oscillations of the fluorine atoms against each other, the li‘hium 
atoms remaining at rest. Whereas the first reflexion maximum between 
15 and 20, is evidently due to the first five fundamentals which approxi- 
mate to each other in frequency ard form a group by themselves, the 
second reflection maximum between 20» and 40 is evidently due to », and 
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v,, aS also to various overtones and summations of the fundamental frequen- 
cies falling within this wave-length range. It is evident from the appearance 
of this second maximum of reflection, as well as from the fact that the strong- 
est absorption by thin films is at 32-6 approximately midway between », 
and v,, that these two fundamentals are strongly active and indeed more so 
than any of the fundamentals of higher frequency. This is a remarkable 
but not altogether surprising result, since in the case of MgO we found that 
the oscillations of the oxygen atoms against each other give the maximum 
of infra-red absorption. The explanation of the effect is presumably the 
same as in the case of MgO. 


4. ABSORPTION AND REFLECTION BY SODIUM FLUORIDE 


The observations by Korth (Joc. cit.) and by Hohls (Joc. cit.) with crystal 
plates and of the absorption in thin films by Barnes (Joc. cit.) give us the 
necessary data for the case of sodium fluoride. The clue to their under- 
standing is likewise furnished by the activity of the eigenvibrations listed 
in Table II. In the present case, owing to the nearness of the atomic weights 
of sodium and fluorine, the four eigenfrequencies v4, v;, vy, and v, form a 
group with their wave-lengths 38-3, 41-8, 42-2 and 45-9 fairly close 
to each other. Their octaves likewise form a close group, the wave-lengths 
being 19-2, 20-9, 21-14 and 23. The absorption by thin films is a 
maximum at 40-6, approximately midway between v, and v, which repre- 
sent the oscillations of the fluorine atoms with the sodium atoms at rest. 
In this respect, the behaviour of sodium fluoride is analogous to that of 
lithium fluoride. On the other hand, there is only one reflection maximum 
instead of two as in lithium fluoride within the range of wave-lengths covered 
by the first-order spectrum. This maximum of 90% is located at 35 and 
is evidently the resultant effect of all the seven active fundamentals. The 
increase in reflecting power noticed for wave-lengths greater than 20 with 
a maximum of 48% at about 23 in the second-order spectrum is evidently 
due to the group of octaves lying in the vicinity. The increase in the absorp- 
tion coefficient between 19 and 24 observed by Hohls is likewise due to 
the same cause. No such effects are noticed with lithium fluoride, since in 
the latter case, 2v, lies within the first-order spectrum, while 2v,, 2y, and 2», 
are widely separated from each other in the second-order spectrum. Hohls 
has however observed a minor peak in absorption at about 12-9 which 
may be ascribed to several summationals falling in that region. 


5. SUMMARY 


The eigenfrequencies of lithium and sodium fluorides have been theo- 
retically evaluated and their observed spectroscopic behaviour is found to 
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be in accord with the results. The greater disparity in the atomic weights of 
metal and halogen in the case of lithium fluoride than in sodium fluoride 
leads to some interesting differences in behaviour between the two substances. 
In both cases, however, the frequency of maximum absorption does not 
correspond with the oscillation of the metal and halogen atoms against each 
other, but agrees with that of the oscillations in which only the fluorine 
atoms move, the metal atoms remaining at rest. 
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1. INTRODUCTION 


THE optical behaviour of sylvine shows clearly that the characteristic fre- 
quencies of atomic vibration lie more remotely in the infra-red than in the 
case of rock-salt. The question whether this is due solely to the atomic 
weight of potassium being greater than that of sodium or whether it is also 
partly due to a diminution in the strength of the interatomic forces is a point 
of considerable interest. The infra-red behaviour of sylvine has been 
studied by several investigators very thoroughly and their results furnish 
the data needed to decide this question. We shall accordingly proceed to 
evaluate the eigenfrequencies and to consider them in relation to the experi- 
mental facts. It may be remarked that some as yet unpublished work by 
Dr. R. S. Krishnan on the second-order spectrum of light-scattering in 
sylvine has assisted in determining the appropriate values of the force- 
constants. 
2. THE NINE EIGENFREQUENCIES OF SYLVINE 

As the atomic weight of chlorine is less than that of potassium, the two 
modes in which the chlorine atoms alone oscillate would havea higher frequency 
than the corresponding two modes in which the potassiums alone vibrate. 


TABLE I 


Eigenfrequencies of KCl 
P = 2-30 x 10* dynes per cm.; T = —0:-05 x 10* dynes per cm. 

















| { 
Designation 4n7c?my?v? Frequency | Wave-lergth 
| | 
| em.* Bs | 
M4 | Q-0538P+0-00T 145 69 
¥ 0-0528P+0-214T 138 72 
| Vs 0-0538P+0-430T 132 76 
M% 0-0282P —0-226T 1l4 89 
Vs 0-0282P+0-113T 100 100 
Ye 0-0256P —0-205T 108 93 
vr 0-0256P+0-102T 95 105 
md —0-429T 60 167 
¥ ~0-214T 43 233 
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The difference in atomic weights (35.5 and 39) is however not large, and it 
follows that the frequencies of these four modes would not differ very much 
from each other and that the sequence in which they appear would depend 
on the precise values of the force constants. Table I shows the calculation 
of the frequencies. The values of P and T are both a little smaller than for 
rock-salt. For convenience, the symbols v, and v, have been used to designate 
the oscillations of the chlorine atoms while vg and v, designate those of the 
potassium atoms. It will be noticed, however, that v, is greater than v,. 


3. THe InNfRA-ReD BEHAVIOUR OF SYLVINE 


The so-called ‘* fundamental ”’ oscillation in which the potassium and 
chlorine atoms move in opposite phases is v, in our table, corresponding to 
an infra-red wave-length of 76. It is to be remarked that this does not 
coincide either with the ‘‘ rest-strahlen ’’ wave-length of 63.4, or with the 
wave-length of 70.7 at which the maximum absorption is exhibited by 
the thinnest films (Barnes, 1932). It will be noticed that the latter is nearer 
vy, which has a wave-length of 69. These remarks reinforce the point 
that owing to the anharmonicity and the mutuai coupling of the various 
eigenvibrations, all of them must be considered to be active in greater or 
less degree, and that we must take account also of the activity of the various 
overtones and summations of the nine fundamental frequencies. On this 
basis, it is possible to understand the facts established by experimental study 
regarding the infra-red behaviour of sylvine. 


Czerny (1930) investigated the reflecting power over the entire range of 
infra-red wave-lengths for which sylvine is opaque in moderate thicknesses. 
He found a small but quite definite swell in reflecting power in the wave- 
length range between 42y and 48 with a maximum of 20% at 46un. 
Referring to Table I, we recognize that this is the region in which the 
octaves of the fourth, fifth and sixth eigenfrequencies are grouped together, 
and the increase of reflection is therefore to be ascribed to their presence 
and conjoint effect. At 48, the reflecting power reaches a minimum of 
18% and then rises again steadily, reaching a maximum of about 90% in the 
range of wave-lengths 60-65. It then falls down to 78% at 70, 65% at 
75 p, 45% at 80 pu, 32% at 85 and 26% at 90. The large increase in reflect- 
ing power in the range between 50 and 70, is a particularly noteworthy 
feature, and is readily understood when we recall that in this region lie 
numerous frequencies in the second-order spectrum, viz., 2v,, (ve+ v9), 
(15+ v9), (Vat Mp), (Vat %), (Yat Y%), (Vit M9), (¥e+ Vg), (Vet ve), (¥s+ vp), 
(v%y+ vg), (v3-+ vg) and (v2+ v,). The fairly rapid drop of reflecting power 
at about 80, is an indication that the infra-red activity is considerable only 
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for the three highest fundamentals »,, v., v, and is relatively small for the 
fundamentals of lower frequency. The behaviour of sylvine in this respect 
is closely parallel to that of rock-salt. 


Mentzel (1934) has very elaborately investigated the absorption coefficient 
of sylvine plates of various thicknesses over a wide range of wave-lengths. 
His work confirms the existence of the variations which we should expect 
in the range between 40 and 45 owing to the presence of the octaves of 
v3, Vv, and vg in that vicinity. The large drop in the absorption coefficient 
which occurs between 34 and 23 », and again between 23 » and 17 pz is also 
readily understood, since 34, 23 and 17, are respectively the shortest 
wavelengths in the second-order, third-order and fourth-order spectra. 


4. SUMMARY 


The nine eigenfrequencies of sylvine are evaluated, and it is shown that 
the wave-length at which the maximum absorption is exhibited by very thin 
films is much nearer the first than the third of them which is the so-called 
active oscillation of the potassium against the chlorine atoms. The absorp- 
tion and reflection data over the whole range of wave-lengths are in general 
accord with the indications of the theory. The force-constants for sylvine 
are a little smaller than for rock-salt. 
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1. INTRODUCTION 


UNLIKE many common solids, diamond cannot be had in large lumps for 
purposes of experimentation and one has to be satisfied with comparatively 
small specimens. In spite of this handicap, diamond offers such notable 
advantages that it is easily the best material which the physicist has at his 
disposal for testing theories of the spectroscopic behaviour of crystals and 
the scattering of light in them. In the first place, the elementary nature of 
diamond and the simplicity of its crystal structure make it possible to work 
out the consequences of any theory without excessive labour and thus obtain 
the data which could be compared with the experimental facts. Then again, 
the high refractive index of diamond and the fact that it is a valence crystal 
give it a large scattering power which make it possible to work with quite 
small specimens and yet obtain results. Further, the low atomic weight of 
carbon and the strength of the binding forces between the atoms result in 
spreading the vibration spectrum of the crystal over a wide range of fre- 
quencies. This is a feature which is highly advantageous in the critical 
study of Raman spectra. The frequency shifts being large, they appear 
widely dispersed and therefore well-resolved. Further, the greater part of 
the spectrum exhibiting the frequency shifts is recorded well away from the 
position of the exciting radiation which, unless it is completely eliminated, 
results with prolonged exposures in recording various spurious effects in 
its vicinity even with the best of instruments. Further, the fact that the 
vibration-frequencies are for the most part very high in the case of diamond 
has an important consequence namely that, except at the lowest end of the 
frequency range, the vibrations are not thermally excited to an appreciable 
extent. Secondary effects of thermal origin, viz., the broadening and 
shifting of the Raman lines, which are of considerable importance in the 
case of many crystals even at ordinary temperatures, are hence negligible 
in the case of diamond. This has been clearly shown by the recent investi- 
gations of the author (Krishnan, 1946) on the temperature variations of 
the Raman frequencies of diamond. The width of the principal Raman 
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line with a frequency shift of 1332 cm.-! at room temperature is no more 
than that arising from instrumental and photographic factors, though at 
higher temperatures it broadens and has an easily measurable width. 


To utilize to the fullest extent the advantages referred to above, it is 
necessary to work with non-luminescent diamonds. Such diamonds are 
also transparent in the ultra-violet and it becomes possible to employ the 
A 2536-5 resonance radiation for exciting the Raman effect and thus take 
advantage of the intrinsic brightness of this radiation and its large scattering 
power arising from the »* law. If the arc is effectively water-cooled and 
held against the wall of the tube with the aid of a magnet, the radiation is 
highly monochromatic and is free from any accompanying continuous 
spectrum. Incidentally also, by working in the ultra-violet, the larger dis- 
persion and resolution of quartz spectrographs in that region are utilised. 
The importance of this in the study of Raman spectra exhibiting numerous 
closely spaced lines can scarcely be overstressed. 


The use of an intense radiation for excitation is accompanied by certain 
complications, viz., a general fogging of the photographic plate due to diffuse 
general illumination inside the spectrograph, as also spurious lines and wings 
in the immediate vicinity of the exciting line arising from diffraction effects 
present in any optical instrument, the intensity of which is directly pro- 
portional to the brightness of the exciting radiation falling on the slit. The 
special advantage of using the A 2536-5 resonance radiation is that these 
spurious effects can, with care, be completely eliminated by absorbing the 
exciting radiation from the scattered light by a filter of mercury vapour. The 
filter can be made to work so effectively that the mercury line A 2534-8 the 
intensity of which is extremely small compared to the A 2536-5 resonance 
radiation appears stronger than its companion in the recorded spectra. In 
fact, when examined under high resolution the core of the resonance radia- 
tion is found to be completely removed. 


Several investigations by the author on the Raman spectrum of diamond 
using the A 2536-5 mercury resonance radiation as exciter have already 
been reported in earlier publications (R. S. Krishnan, 1944, 1945 and 1946), 
A notable advance has, however, been made possible by reason of a recent 
acquisition by Sir C. V. Raman of an exceptionally colourless plate of 
diamond of the non-luminescent type (N.C. 174). This has enabled the 
author to reinvestigate the scattering of light in diamond with a large Hilger 
(El) quartz spectrograph and to obtain spectra which are fully resolved and 
the structure of which is exhibited without any ambiguity. Preliminary 
reports of the results have already appeared in Nature (Krishnan, 1947 
a, b, c). Further details and a full discussion are presented in this paper. 
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2. LIGHT-SCATTERING AND CRYSTAL DYNAMICS 


The aim of the present investigation is the settlement of the fundamental 
question of the nature of the vibration spectra of crystals. The study of 
the scattering of light by the method of the Raman effect has proved its power 
so fully in other directions that one need scarcely doubt that it is the right 
method to settle also the problems of the solid state. In this connection, 
one may recall the pregnant remark made long ago by the late Lord 
Rutherford (1931) that the Raman effect “‘ has proved, and will prove, an 
instrument of great power in the study of the theory of solids”. It will 
probably be useful before we proceed to describe the experimental results, 
to state the issues which need settlement and to consider them against the 
appropriate theoretical background. 


Historically, the subject of the scattering of light in material media was 
first approached by theorists from two distinct points of view. The 
first point of view due to the late Lord Rayleigh, is that in which the indivi- 
dual particles of which the medium is composed, e.g., the molecules of a 
gas, are considered to be the agents responsible for the phenomenon. The 
other point of view, first put forward by Einstein and later elaborated by 
Leon Brillouin, is that in which the medium is regarded as a continuum and 
the diffusion of light is ascribed to the “‘ reflection” of the light waves by 
the sound waves of thermal origin assumed to be present and traversing it 
in all directions. Which of these two points of view is the more appropriate 
one clearly depends on the circumstances of the case, and is an issue to which 
experimental study is capable of returning a decided answer. For instance, 
in a gas, the Rayleigh point of view is the correct one, as is clearly shown by 
the fact that when we examine the light diffused by hydrogen gas with a 
Fabry-Perot etalon, we observe a broadening of the spectral lines which 
corresponds to the Maxwellian distribution of velocities of translation of 
the molecules (C. S. Venkateswaran, 1942 a). On the other hand, a similar 
examination of the light diffused by ethyl and methyl alcohol clearly shows 
a splitting of the spectral lines into two polarised components, their separation 
varying with the angle of observation (Sunanda Bai, 1942). Surprisingly 
enough, the same phenomenon is also observed in the highly viscous liquid 
glycerine (C. S. Venkateswaran, 1942 5). From these observations we shall 
certainly be justified in inferring that liquids exhibit a coherent modified 
scattering of light which may be regarded as a Raman effect due to pulsa- 
tions of optical density occurring in phases definitely correlated with each 
other in adjacent volume elements of the medium. Alternatively, we may 
regard the spectral components as due to the Doppler shifts of frequency 
arising from the reflection of the light waves by moving sound waves. But 
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we would clearly not be justified in extending such notions to the considera- 
tion of the optical effects due to the rotations and vibrations of the molecules 
in a liquid. For explaining the large spectral shifts arising from such rota- 
tions and vibrations which are actually observed with liquids, we naturally 
go back to the Rayleigh point of view, and consider the individual particles 
in the medium as the responsible agents. For, the dynamics of such rota- 
tion and vibration is essentially a matter of the individual behaviour of the 
molecules, though indeed they may be influenced and partly modified by 
the interactions occurring between a molecule and its immediate neighbours. 


Coming now to consider the case of crystals, it is a fact of observation 
that free and practically undamped propagation of elastic waves is possible 
in them. It is also known that in transparent crystals such waves give rise 
to optical effects whose strength is determined by their piezo-optic constants. 
There is therefore no reason to doubt that elastic waves of the three different 
possible kinds and of various wave-lengths, both larger and smaller than 
the wave-length of light, exist in crystals as the result of thermal agitation 
and that such waves give rise to optical stratifications of the same wave- 
length. But these optical stratifications cannot give rise to any observable 
scattering of light, unless their wave-length and orientation in relation to 
the direction of travel of the incident light waves is such as to give rise to 
a coherent reflection of the latter by the successive stratifications. The 
optical effects of all other stratifications would cancel out by interference. 
It follows that the elastic waves of thermal origin would not give rise to any 
observable effect in the spectrum of light scattering, except that which appears 


with small frequency shifts in the nature of Doppler effects in the immediate 
vicinity of the incident radiation. 


While the continuum point of view is thus appropriate enough in consi- 
dering the low frequency or elastic vibrations, dynamical principles and the 
observed experimental facts alike suggest that the particle point of view is 
the correct approach in respect of the vibrations of high frequencies appearing 
in the Raman spectrum. For, the high frequencies are themselves an indi- 
cation that the vibrations are those of the individual atoms in the cells of 
the structure and not those of macroscopic volume elements in the crystal. 
Hence, the problem is one in particle dynamics analogous to the problem of 
the vibration spectra of polyatomic molecules and the results to be expected 
would be of a similar nature, viz., a set of monochromatic frequencies, thus 
affording a natural explanation of the observed fact that crystals exhibit 
Raman spectra consisting of discrete lines. This is in fact, the approach to 
the subject made in the theory of the vibration spectra put forward by 
Sir C. V. Raman (1943), in which it is shown that a crystal containing p 
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atoms in each of its unit cells would have in general, (24p—3) discrete fre- 
quencies of atomic vibration, though this number may be very considerably 
reduced by reason of the symmetry of the crystal. 


On the other hand, the well-known theory of Debye, and the lattice 
theory of Born and Karman are both based on the belief that the ideas of 
continuum physics can be applied in respect of the high or infra-red fre- 
quencies of vibration of solids. In fact, the Born-Karman theory expressly 
assumes the existence of “ optical waves” of such high frequencies. In 
the belief that a crystal containing N atoms necessarily possesses 3N different 
frequencies of vibration, the theory postulates also that the “‘ optical wave- 
lengths ” form a triply harmonic sequence in the same way as the acoustic 
wave-lengths. The vast majority of the wave-lengths thus assumed to exist 
are comparable with the lattice spacings of the crystal and as a consequence, 
the vibrations postulated in the theory have a diffuse continuous spectrum 
of frequencies spread over a wide range and not a set of discrete lines as 
actually observed in the Raman effect. An escape from this obvious contra- 
diction with the facts is sought by means of the assumption that the entire 
continuous spectrum is rendered inaccessible to observation by reason of 
optical interference except only those frequencies which possess the right 
wave-length to give a coherent reflection, as in the case of the acoustic 
vibrations. We need not here stop to discuss the validity of this suggested 
explanation or the validity of the basic postulates on which the Born-Karman 
theory rests, since, as we shall see, the experimentally observed facts in the 
case of diamond give the answer to both of these questions. It will suffice 
here to state the points at issue which have to be settled by experiment. 


I. Are the vibrations in crystals which manifest themselves in the 
Raman spectrum, “‘ waves” extending through the volume of the crystal, 
or are they the vibrations of the atoms in the individual cells of the lattice ? 


II. Is the complete vibration spectrum of the crystal in the infra-red 
region a continuous diffuse spectrum, or is it a discrete spectrum exhibiting 
a finite set of monochromatic frequencies ? 


3. THE SCATTERING OF LIGHT IN DIAMOND 


We shall now briefly describe the various features observed in a fully 
exposed spectrum of the scattered light in diamond. Using the Hilger 
medium spectrograph and the diamond of the ultra-violet transparent type 
(N.C. 174), numerous photographs were taken with exposures varying from 
a couple of seconds to several hours. The spectrum of diamond recorded 
with 2 minutes exposure is reproduced in Fig. 1 (b) together with the spectrum 
of the mercury arc [Fig. 1 (a)]. A heavily exposed spectrum recorded with 
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6 hours’ exposure is shown in Fig. 2(b). The Raman line with a frequéncy 
shift of 1332 cm! appeared on the plate with an exposure of only five seconds. 
Half a minute was needed to record the Doppler-shifted Brillouin compo- 
nents centred about the exciting radiation, the latter itself being effectively 
filtered out by a mercury vapour screen. See Fig. 1(b). The same effect 
could be seen more clearly in the enlarged photographs reproduced in Figs. 
1 (c) and (d) and in the microphotometric records shown in Figs. 1 (e) and 
(f). Half an hour’s exposure sufficed to record the second-order Raman 
spectrum, while the anti-Stokes frequency shift of 1332 cm! appeared after 
forty-five minutes. An exposure of 3 hours resulted in heavily overexposing 
the second-order Raman spectrum, but was useful in bringing out the weak 
terminal line having a frequency shift of 2015 cm-? which was liable to be 
overlooked with smaller exposures (see Fig. 3). Owing to the smaller dis- 














Fic. 3. Microphotometer record of the second order Raman spectrum of diamond 
showing the terminal line 2015 cm.? 


persion of the medium quartz spectrograph, the real nature of the second- 
order Raman spectrum of diamond is not exhibited as clearly as could be 
desired. The spectrum was therefore examined under the higher dispersion 
and resolution given by the Hilger (El) large quartz spectrograph. Typical 
photographs recorded with different exposures are reproduced in Figs. 4 
and 5. The principal feature noticeable in the spectra is the appearance of 
a whole series of sharply defined Raman lines clearly resolved from each 
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other. Longer exposures up to 10 hours taken with the medium quartz 
spectrograph revealed no new features except a couple of fainter lines in the 
spectrogram. These fainter lines have been identified as the 1332 Raman 
line excited by the feeble mercury lines. It is very significant that no hint 
or trace of the continuous spectrum of elastic vibrations forming the so- 
called ‘‘ acoustic branches” of the lattice spectrum of the crystal appears 
on the plate even with the longest exposures. These facts will be evident 
from a comparison of Figs. 2 (a) and (b). 


From the experimental facts stated above, it is clear that the parts of the 
vibration spectrum of diamond in the lower and upper ranges of frequency 
differ radically in their behaviour. The first part is totally inactive in light- 
scattering, while the second part is strongly Raman-active, giving an intense 
second-order spectrum. The character of the spectrum is also totally 
different in the two ranges of frequency. While the spectrum of the elastic 
vibrations is necessarily a continuous one, the discrete nature of the atomic 
vibration spectrum in the upper ranges of frequency is clearly manifested 
in the second-order Raman effect; the overtones and summations of the 
primary vibration frequencies appear under adequate instrumental power 
clearly resolved into numerous closely spaced sharp lines. These differences 
are fundamental and compel us to recognize that the two parts of the vibra- 
tion spectrum are physically of a different nature. In the lower ranges of 
frequency, we are concerned with elastic waves traversing the crystal from 
end to end and forming stationary wave-patterns, while in the upper ranges 
of frequency, we are concerned with the vibration of the atoms in the indi- 
vidual cells of the crystal lattice. The spectroscopic facts thus give a decisive 
answer to the theoretical issues stated at the end of the preceding section. 
They show that the assumptions on which the Debye and Born-Karman 
theories are based are unjustified and that the conclusions regarding the 
nature of the atomic vibration spectra to which those theories lead are 
altogether untenable. 


4. THE DOPPLER-SHIFTED COMPONENTS 


The magnitude of the frequency shifts.—As already indicated in the last 
section, the spectrum of the light scattered by diamond when examined with 
a medium quartz spectrograph using a fine slit exhibits a doubling of the 
\ 2536-5 line, the latter itself being completely quenched by a mercury 
vapour filter (see Fig. 1). The doubling is in the nature of a Doppler 
effect arising from the selective reflection of the monochromatic light by 
the approaching and receding sound waves of thermal origin in the medium. 
The components are called Doppler-shifted components and are sometimes 
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known as Brillouin components. Their frequency shift from the exciting 
line is given by the formula due to Brillouin 


Av=+ 2v ou sin 6/2, (1) 


where v, », v and c are respectively the frequency of the incident radiation, 
refractive index of the medium, velocity of sound in the medium and the 
velocity of light. @ is the angle of scattering. This is the first time that the 
existence of sound waves of thermal origin in a solid has been demonstrated 
without the use of interferometers. The success is mainly due to the fact 
that the velocity of sound and the refractive index of diamond have high 
values. The resulting Doppler displacements in the frequency of the A 2536-5 
radiation scattered transversely in diamond are large enough to be recorded 


directly without interferometric aid using a quartz spectrograph of moderate 
power. 


It is well known that for any given direction in a crystal, there are in 
general three distinct sound velocities, one longitudinal and two transverse. 
One should therefore expect to observe six Doppler-shifted components 
three on either side of the exciting radiation. The spectrogram taken with 
diamond N.C. 174 and the medium quartz spectrograph, and reproduced 
in Fig. 1 (5) exhibited only two Brillouin components. This might be due 
to the small dispersion of the spectrograph. Moreover, diamond N.C. 174 
had curved edges and as such, it was not quite suited for making a quanti- 
tative verification of equation (1) and also for investigating the directional 
variation of the velocity of sound in diamond. Another specimen of dia- 
mond of the non-luminescent ultra-violet transparent type, namely N.C. 60, 
was therefore chosen for the present investigation. It was in the form of a 
rectangular plate (10 x 6 x 1-5 mm.) with faces and edges well polished. 
X-ray diffraction studies (Ramachandran, 1946) indicated that the length, 
breadth and thickness of the diamond N.C. 60 were parallel to 011, 111 and 
311 directions. As the specimen was slightly yellowish in colour, its trans- 
parency to the A 2536-5 radiation was definitely less than that of N.C. 174. 


Diamond N.C. 60 was clamped with its faces vertical and facing a 
vertical quartz mercury arc of special design. The light scattered in the 
transverse horizontal! direction and emerging out of the smaller edge was 
focussed on the slit of a Hilger El large quartz spectrograph. The spectrum 
was photographed with exposures of the order of six hours using a slit 
width of 0-02mm. A typical spectrogram together with a comparison 
spectrum of the mercury arc is reproduced in Fig. 6. In the spectrum of 
the direct arc the A 2536-5 line has been completely absorbed. In the 
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scattered spectrum, on the other hand, one observes four displaced compo- 
nents which are more clearly seen in the enlarged photograph and the micro- 
photometer record reproduced in Figs. 7(a) and 8 (a) respectively. The 





Fic. 8. Microphotometer records of thermal scattering in diamond for two: different 
orientations: L.B.C. = longitudinal Brillouin components; 7.B.C. = transverse % Brillouin 


components. 

frequency shifts of the two pairs of Brillouin components are + 8-8 cm? 
and + 5-4cm.-! and the corresponding values of the velocity of sound 
calculated from equation (1) are 18,080 and 11,000 metres per second. yp is 
taken as 2-61 for A 2536-5. It follows therefore that the outer pair of 
components arise from the longitudinal sound waves in diamond, while the 
inner brighter ones are due to the transverse sound waves. Unlike in many 
other crystals, the transverse components in diamond are brighter than the 
longitudinal components. The Doppler-shifted components have a finite 
width which might be attributed to the fact that the light incident on the 
plate of diamond was a convergent beam with a semi-angle of convergence 
of the order of 15°. The angle of scattering, 9, had a mean value of 90°. 


Determination of the sound velocities in diamond.—For a cubic crystal, 
the squares of the three possible velocities for a sound wave travelling in a 
direction whose direction cosines are /, m and n are given by the three roots 
of v? in the following determinantal equation :— 


Cyl? + Cag (mm? + n*) — pv? (Cie+Cqq) lm (Cie + C44) In 
(Cyp + Cag) ml Cyym® + Cy (12+ *)— pv? (Cy + Cag) mn =0 (2) 
(Crp + Cqq) nl (Cio+ Cag) nm Cy? + Cag (17+ m*)— pv? | 


where Cy;, Cyo and C4, are the three elastic constants and p the density. 
Using the values of the elastic constants of diamond obtained by Bhagavantam 
and Bhimasenachar (1946) by the ultra-sonic method, namely c,,=9°5 x 10} 
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dynes/cm.*, cyp = 3-9 x 10!* dynes/cm.? and cy, = 4-3 x 10!% dynes/cm.?, 
the values of the three possible sound velocities along specific directions 
perpendicular to the cubic axis, the dodecahedral axis and the octahedral 
axis in diamond have been evaluated. The variation of sound velocity with 
direction along the three sections has been graphically represented in 
Figs. 9, 10 and 11. A comparative study of these curves shows that the 
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Fic. 9. Directional variation of sound velocities in diamond; section perpendicular 
to the cubic axis. Continnous curve refers to longitudinal sound waves and broken curves to 
transverse sound waves. 


two sets of transverse sound waves in diamond have very nearly the same 
velocity in all the directions. The maximum difference is along the dodeca- 
hedral axis, the velocities for the transverse waves being equal to 11,080 and 
8,950 metres per second. This is why only one pair of transverse Brillouin 
components is recorded in the scattered spectrum of diamond. The longi- 
tudinal sound waves have the maximum velocity of 18,120 metres per second 
along the octahedral axis and the minimum velocity of 16,500 metres per 
second along the cubic axis. 
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In order to study the directional variation of sound velocity in diamond, 
the transversely scattered light was photographed using the large quartz 
spectrograph for different orientations of diamond (N.C. 60) with reference 
to the directions of illumination and observation. Enlarged photographs 
showing the Doppler shifted components corresponding to three different 
settings of the diamond are reproduced in Fig. 7 and two microphotometric 











Fic. 10. Directional variation of sound velocities in diamond ; section perpendicular t 
the dodecahedral axis. 


records are included in Fig. 8. As is evident from the reproduced photo- 
graphs, one observes only four Doppler-shifted components in light-scatter- 
ing in diamond, one pair each due to longitudinal and transverse sound waves. 
The pair due to transverse sound waves is always brighter than the longi- 
tudinal components. 


From a comparative study of the photographs reproduced in Fig. 7 
and the microphotometric records in Fig. 8, it becomes evident that the 
velocity of sound waves varies with direction inside the diamond. For 
example, for the second setting, the inner and outer components are les 
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clearly separated from each other than for the other two settings, showing 
thereby that the velocities of longitudinal and transverse waves are nearer 
to each other in the second case than in the other two cases. Interchanging 
the directions of illumination and observation for a given setting of the plate 
of diamond did not change the nature of the pattern obtained. 
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Fic. 11. Directional variation of sound velocities in diamond ; section perpendicular to 
the octahedral axis. 


The frequency shifts of the longitudinal and transverse Brillouin compo- 
nents for the three different orientations of the diamond have been measured 
and the corresponding sound velocities have been evaluated. The values 
are entered in Table I. The theoretical values of the velocities of longi- 
tudinal and transverse sound waves corresponding to the first two settings 
of the diamond could be read off from the curves reproduced in Figs. 11 and 
10. For the third setting the values were calculated directly from the known 
elastic constants of diamond. The agreement between the experimental 


and theoretical values of the velocity of sound in diamond is fairly satis- 
factory. 
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TABLE I 
: Direction Velocity of sound in 
| i of Plane of | Nature of the |Frequency metres! sec, 
. . eam . : . H e 
Setting . observa- | Scattering Brillouin shift in 
| parallel : aS 
pan tion parallel to component cm. 
parallel to Observed | Calculated 
1 311 oll (111) Longitudinal +8-8 18,080 | 17,800 
211 oll (111) Transverse +5-4 11,000 10,300 
- re 9,800 
2 211 lll (011) Longitudinal +8-0 16,400 16,500 
211 111 (011) Transverse +5-6 11,500 11,000 
an = 10,600 
3 oll lll (211) Longitudinal +8-5 17,500 17,300 | 
oll ill (211) Transverse +5-5 11,200 10,500 


























Intensity of the Brillouin components.—Leontowitsch and Mandelstamm 
(1932) derived a formula for the intensity of the light reflected or trans- 
versely scattered by sound waves of thermal origin in the medium 
a _2 (Pin + Pie) Pas} (3) 

2a Cut Ciat+ 2Cag Cag 
where I is the intensity of light sattered by 1 cm.* of the substance for natural 
light of unit intensity, A the wave-length of light, » the refractive index, c,z 
elastic constants, p;z Pockels’ elasto-optical constants and T the temperature 
of the scattering substance. According to Hans Mueller’s analysis (1938), 
the first term inside the double brackets is the contribution due to longitudinal 
sound waves, while the second term represents the contribution due to the 
transverse sound waves. The values of the elasto-optical constants for 
diamond as determined by G. N. Ramachandran (1947) are p,,= 0-125, 
Piwo= — 0-325 and pya= 0-11. Putting these values of p;z and the values 
of c;z as determined by Bhagavantam and Bhimasenachar (1946) in equation 
(3), the contributions due to the longitudinal and transverse sound waves to 
the intensity of thermal scattering in diamond have been evaluated. The 
intensities of the longitudinal and transverse Brillouin components are res- 
pectively 1-14 x 10 and 0-31 x 10° for incident light of unit intensity. 
Thus according to the formula of Leontowitsch and Mandelstamm, the 
longitudinal components should be about four times more intense than the 
sum of the transverse components. This is in complete contradiction with 
the experimental observation, namely that the transverse Brillouin compo- 
nents are much brighter than the longitudinal components (see Figs. 7 
and 8). The subject therefore requires further investigation. 


I kTp’ { 
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Temperature dependence of intensity.—According to Leontowitsch and 
Mandelstamm’s formula, the intensity of thermal scattering is directly pro- 
portional to the absolute temperature. In order to verify this result in the 
case of diamond the following procedure was adopted. For work above 
room temperature, a specially designed heater similar to the one described 
by the author in one of the earlier publications (Krishnan, 1946) was used. 
With the aid of a quartz medium spectrograph and diamond N.C. 174 two 
photographs of the scattered spectrum were taken on the same negative, 
one with the crystal maintained at room temperature, i.e., 305° T. and the 
other at 570° T. For work below room temperature, a demountable Dewar 
flask with quartz windows was used. A mixture of solid carbon dioxide and 
alcohol formed the refrigerant for one observation below the room tempe- 
rature, and liquid air for a second observation. Using the above arrange- 


ment the scattered light was photographed with the diamond maintained 
successively at 175° T. and 85° T. 


The intensities of the Doppler-shifted components are markedly influ- 
enced by temperature. This is beautifully illustrated by the series of photo- 
graphs reproduced in Fig. 12 (a) to (d). They represent the spectra of the 
scattered light taken with the diamond maintained successively at 570°, 
305°, 175° and 85° T. The corresponding enlargements showing the Doppler 
shifted components and the companion mercury line A 2534-8 are repro- 
duced in Figs. 12 (e) to (A). It will be noticed from the reproductions that 
in contrast with the 1332 Raman line the intensity of which is practically 
unaffected by the change of temperature of the diamond, the Doppler- 
components become rapidly weaker with falling temperature. This is to be 
expected on theoretical grounds, since for the Doppler-shifted components 
hv, <kT while for the Raman line hv, kT. At room _ temperature, 
i.e., at 305° T. the aggregate intensity of all the Doppler shifted components 
is less than one fourth the intensity of the Raman line. 


5. FIRST-ORDER RAMAN SPECTRUM 


Only a single Raman line with frequency shift of 1332-0 cm.-! appears in 
the first order spectrum of diamond. This frequency represents the funda- 
mental vibration of the diamond structure, viz., the triply degenerate mode in 
which the two interpenetrating Bravais lattices of carbon atoms oscillate 
against each other. Longer exposures did not exhibit any Raman line having 
a frequency shift less than 1332 cm.-? except a couple of fainter lines which 
appeared in the region of low frequency shifts and were identified as the 
1332 Raman line excited by the feeble mercury lines on the shorter wave- 
length side of \ 2536-5. The appearance of a single Raman line in the first 
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order spectrum of diamond is a direct consequence of the high symmetry of 
its crystal structure. It is found that there is no measurable difference in 
the frequency shifts of the principal Raman line in the spectra of the ultra- 
violet transparent and opaque types of diamond. 


6. THE SECOND-ORDER RAMAN SPECTRUM 


The true nature of the second-order spectrum of diamond is exhibited 
unambiguously in the series of photographs reproduced in Figs. 4 and 5. 
These represent the prints enlarged from different spectrograms taken with 
a Hilger El large quartz spectrograph and diamond N.C. 174. The exposures 
used varied from 12 hours to a maximum of 4 days. The greater dispersion 
and resolution of the large quartz spectrograph have enabled the author to 
bring out the salient features of the second-order spectrum more clearly than 
was possible in the previous investigations. The most striking feature 
noticeable in the spectra is the appearance of a whole series of sharply defined 
Raman lines clearly resolved from one another. The prominent ones have 
been marked in Figs. 4 and 5 with their respective frequency shifts in wave 
numbers from the exciting line. The terminal line with a frequency 
2015 cm. is more clearly seen in the microphotometer record reproduced 
in Fig. 3. The width of the individual Raman lines, as is evident from a 
comparison with the lines of the mercury arc, is no greater than that arising 
from the instrumental and photographic factors. Besides the Raman lines 
whose positions are marked in Figs. 4 and 5, there are other fainter lines 
just discernible in the spectrogram against a fainter unresolved background 
of apparently continuous spectrum. These faint lines are more clearly seen 
as small kinks in the microphotometer records reproduced in Fig. 13. That 
they are genuine Raman lines and are not due to chance fluctuations has been 
verified by comparing the microphotometer records taken at different regions 
on the same negative and with different spectrograms. Three typical records 


are reproduced in Fig. 13. The positions of the fainter lines are marked in 
the figure. 


The second-order Raman lines of diamond are listed in Table II together 
with their frequency shifts in wavenumbers from the exciting line and their 
widths in wavenumbers. Taking the intensity of the most intense line as 
15 arbitrary units, the intensities of the remaining lines have been estimated 
and the values are included in Table II. Excluding the two terminal 
Raman lines with frequency shifts 2665-4 cm! and 2015 cm.-!, the Raman 
lines in the second-order spectrum of diamond can be classified into three 
groups. 














taken with the Hilger E1 large quartz spectrograph. 
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TABLE II 
| F F 
requency | 4. " ‘ requency 
| No. |shift in cm. Width ” ae Assignment shift in cm.~? 
| (Observed) | “™ ie (Calculated) 
| 1 2015 3 1 Octave, 2% 
| : — ‘ 5} Octave, 275 
4 2225 3 3 Combination, v4+¥5 2237 
| 65 2255 5 6 Combination, v2 +7, 2258 
| 6 2297 4 7 Octave, 2Qr4 
2334 4 8 Combination, ¥.+¥5 2338 
1 § 2440 4 10 
9 2460 3 15 Octave, 2v3 
| 10 2470 3 15 
ll 2490 4 12 
| 12 | 2502 4 12 Octave, 2», 
| 18 | 2520 4 9 
| 14 | 2586 3 4 
| 15 | 2547 
16 2565 Combination, 74+¥3 2564 
17 2595 
| 18 | 2603 
| 19 | 2611 
| 20 | 2643 
| 21 | 2665-4 4 10 Octave, 27; 




















The first group which lies on the longer wavelength side of the mercury line 
\ 2698-9, consists of six very sharp, intense and closely spaced lines with 
frequency shifts ranging from 2440 cm.’ to 2520cm.-1._ It is interesting to 
note that most of the lines of this group are more intense than the 2665-4 
line. The second group consists of six Raman lines of moderate intensity 
and sharpness with frequency shifts ranging from 2176 to 2334 cm. lying on 
the shorter wavelength side of A 2698-9. The third group comprises half a 
dozen feeble lines imperfectly resolved and appearing in the region of fre- 
quency shifts bounded by the 2520 and 2665-4 Raman lines. 


As already pointed out in section 4, the discrete character of the second- 
order Raman spectrum is a contradiction of the conclusions regarding the 
nature of the atomic vibration spectra of crystals to which the theories of 
Debye and Born lead. The appearance of several discrete frequencies in 
the second order spectrum of diamond, on the other hand, finds a natural 
explanation in the new theory of lattice dynamics put forward by Sir C. V. 
Raman. According to the Raman theory, diamond has nine fundamental 
modes of oscillation of which two have identical frequencies. The vibration 
spectrum of diamond has therefore eight numerically different vibration 
frequencies. If v4, ve, V3, V45 Ys: Ye, Y7 and vg are the frequencies arranged 
in the descending order of magnitude, their degeneracies are respectively 


3, 8,6,4,3 + 3, 4,6 and 8. Of these, the highest frequency corresponds 
AG 
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to the triply degenerate vibrations of the two interpenetrating Bravais 
lattices of carbon atoms and is active in the Raman effect. It has a value 
of 1332cm.* The other seven frequencies represent the oscillations of the 
layers of carbon atoms parallel to the faces of the octahedron or cube occur- 
ring normal or tangential to these planes with the phases reversed at each 
successive equivalent layer. All these seven modes are inactive in the Raman 
effect as fundamentals. They may, however, appear in the second-order 
Raman spectrum as octaves and combinations. 


Coming now to the identification of the Raman lines appearing in the 
second-order spectrum, the terminal line with a frequency shift of 2665 cm-! 
is obviously the octave of the principal mode of oscillation. It is important 
to note that the frequency shift of this line is very nearly double that of the 
1332 Raman line. This fact suggests that the mechanical anharmonicity 
factor for this particular mode of vibration is small. From theoretical 
considerations based on the intensities of the Raman lines, it is possible to 
identify the lines with frequency shifts 2502, 2460, 2297, 2176 and 2105 cm-! 
as octaves of the modes of vibration ve, v3, vs, v; and vg respectively. See 
the papers by Sir C. V. Raman (1947) and by K. G. Ramanathan (1947) 
appearing in this Symposium. The remaining two modes, namely v, and 
vg have low frequencies and their octaves are not observed in the second- 
order spectrum. The frequencies in wavenumbers of the first six modes are 
as follows:—v,= 1332, ve= 1250, vs= 1232, vy== 1149, v;= 1088 and 
vz= 1008cm.-! On the basis of the above identification, the Raman lines 
with frequency shifts 2225, 2255, 2334 and 2565 cm. can be satisfactorily 
explained as combinations and the calculated values of their frequency shifts 
are entered in column 6 of Table I]. There remain only five more prominent 
lines with frequency shifts 2190, 2440, 2470, 2490 and 2520 for the appearance 
of which a satisfactory explanation has to be found. From an examination 
of the second-order spectrum reproduced in Fig. 4, it will be seen that the 
first one falls in the vicinity of the 2176 line (2v;), the next two fall on either 
side of the 2460 line (2v,) and the last two fall on either side of the 2502 line 
(2v2), forming in all three sets of which the second and the third almost run 
into each other. The only rational explanation appears to be that since 
vo, vz and v, are highly degenerate’ oscillations, the degeneracy is partly 
removed by the anharmonicity resulting in the splitting of the octaves into 
two or more components. Similar effects have been observed in the case 
of polyatomic molecules. Certain energy levels that coincide in the harmonic 
oscillator approximation split into a number of levels when anharmonicity 
is taken into consideration. In other words, when second-order effects are 
taken into account, the high degeneracy of the fundamental vibration does 
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not remain, but a splitting occurs due to anharmonicity. Splitting of the 
octaves of v, and vg may in part be attributed to resonance effect arising from 
the fact that these two vibrations have very nearly the same frequency and 
that combinations »,+ vy and v.+ v, fall roughly in’ the region of the 
octaves. 


The author is grateful to Professor Sir C. V. Raman, F.R.S., for the loan 
of the diamonds used in the present investigation and also for suggestions 
and encouragement. 

7. SUMMARY 


A detailed study of the scattering of light in diamond and its Raman 
spectrum has been made using the A 2536-5 mercury resonance radiation as 
exciter. The scattered spectrum exhibits two pairs of Doppler-shifted com- 
ponents, one pair due to the longitudinal sound waves, and the other due 
to the two sets of transverse sound waves which have very nearly the same 
velocity. The velocities of the longitudinal and transverse sound waves 
estimated from the observed frequency shifts of the displaced components 
are in agreement with those calculated from the elastic constants of diamond. 
The directional dependence of sound velocity in diamond has been quanti- 
tatively verified. Contrary to expectation, the longitudinal Doppler compo- 
nents are found to be less intense than the transverse Doppler components. 


The second-order spectrum of diamond has been examined with a quartz 
spectrograph of high dispersion and resolution. It exhibits a whole series 
of sharply defined Raman lines the frequency shifts of which have been tabu- 
lated. The prominent ones which are 15 in number have been satis- 
factorily explained as octaves or combinations of six of the eight fundamental 
frequencies of vibration of the diamond lattice to be expected on the basis 
of the Raman theory, some of which are split due to the removal of degene- 
racy by anharmonicity and due to resonance effect. 
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DESCRIPTION OF PLATES 


PLATE IX 


Fic. 1. (a) Filtered mercury spectrum taken with a medium quartz spectrograph. 


(c) and (e) Enlargement and microphotometer record respectively showing A 2534-8 
and the wings of \ 2536°5. 


(6) Raman spectrum of diamond showing the Brillouin components (B.C.) and the 
1332 Raman line. 


(d) and (f) enlargement and microphotometer record of the Brillouin components. 


PLATE X 
Fic. 2. (a) Filtered mercury spectrum taken with a medium quartz spectrograph. 
(6) Heavily exposed Raman spectrum of diamond. 
Fic. 6. Raman spectrum of diimond showing the Brillouin components and the 1332 


Raman line taken with a large quartz spectrograph (El) together with a 
comparison spectrum of the mercury arc. 


PLATE XI " 


Fics. 4-5. Second-order Raman spectrum of-diamond taken with El quartz spectrograph. 
Enlarged from different negatives. 


PLaTe XII 


Fic. 7. Enlargements showing the Doppler-shifted components and the companion mercury 
line \ 2534-8, L.B.C. and T.B.C. are respectively components due to longitudi- 
na! and transverse sound waves. (a), (b) and (c) correspond to three different 
settings of the plate of diamond. 


Fic. 12. Scattering of light in diamond at different temperatures. 
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THE RAMAN SPECTRUM OF ROCKSALT 
AND ITS INTERPRETATION 


By Dr. R. S. KRISHNAN 
(From the Department of Physics, Indian Institute of Science, Bangalore) 


Received November 7, 1947 


1. INTRODUCTION 


It is characteristic of crystals that their Raman spectra consist of discrete 
lines which are very sharp, particularly when recorded with the crystal held 
at a low temperature. The obvious and most natural interpretation of this 
fact is that the vibration spectra are themselves of that nature, in other words, 
that the regularly ordered three-dimensional structure of a crystal has a set 
of eigenvibrations with corresponding eigenfrequencies which are monochro- 
matic. Basing himself on quite elementary and well-established dynamical 
principles, Sir C. V. Raman (1943) showed theoretically that this is the case 
and derived the result that a crystal with p atoms in a unit cell has (24p—3) 
such eigenvibrations, and that the number of distinct eigenfrequencies would 
be further reduced if the crystal has other symmetries besides the three 
simple translations. The experimental confirmation of this proposition is 
obviously a matter of fundamental importance for the progress of crystal 
physics, and the cases that naturally suggest themselves as suitable mate- 
rial for a thorough investigation are those in which p is as small as possible, 
e.g., diamond and rocksalt, where p=2. 


According to the theory, the number of distinct eigenfrequencies for 
rocksalt is nine. Whereas in diamond one of the eigenfrequencies is active 
and gives a sharp and intense line as the first-order Raman spectrum, in rock- 
salt all the nine are inactive, and the study has therefore to be based solely 
on the second-order spectrum consisting of 9 octaves and 36 combinations 
of the primary vibrational frequencies. If all the 45 lines thus theoretically 
possible appeared in the spectrum with approximately equal intensities and 
were distributed uniformly over the narrow range of frequencies, and if 
their inevitable thermal broadening were also taken into consideration, the 
resulting spectrum could easily be mistaken for a continuous one, and it 
would have been a hopeless task to derive any useful results from its study. 
Fortunately, however, neither such equality of intensities nor such uniformity 
of distribution of frequencies is to be expected theoretically. The possibility 
is thereby opened up, by the use of refined spectroscopic technique, of 
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analysing the spectrum into its constituent lines and thereby establishing its 
true nature. In undertaking such analysis, it would clearly be an advantage 
to know, not merely that there are 9 fundamental frequencies whose over- 
tones and combinations may appear in the spectrum, but also to know what 
these frequencies are, and to have an idea of the relative intensities with which 
the various overtones could be expected to appear in the second-order 
spectrum. These necessary preliminaries have been furnished in two theo- 
retical papers respectively by K. G. Ramanathan (1947) and by Sir C. V. 
Raman (1947), appearing in these Proceedings, and the interpretation 
of the experimental results on an assured basis has thereby been made 
possible. 


The earliest attempts of various authors to record the Raman spectrum 
of rocksalt using the A 4358 excitation of the mercury lamp were unsuccess- 
ful. Later, Rasetti (1931) using the A 2536-5 radiation successfully recorded 
the second-order spectrum. The reproductions of the spectrogram and 
its microphotometer record appearing with the paper of Fermi and Rasetti 
(1931) showed just such a structure for the spectrum as would be expected 
if it were an unresolved aggregate of lines unequally distributed, some of 
them being more intense than the others. Accordingly, in an earlier paper 
(R. S. Krishnan, 1943) the present author ventured to suggest that Rasetti’s 
spectrum could be explained as representing mainly the octaves of the nine 
fundamental frequencies of rocksalt. Since, however, Rasetti had not given 
any measurements, and also in the hope of obtaining a more clearly resolved 
spectrogram, the experimental work of Rasetti was repeated using an instru- 
ment of the same type but with a finer slit. The results (Krishnan, 1945; 
1946 a, b) confirmed the suggestion made previously, the microphotometer 
records showing clearly the existence of a number of sharply defined lines. 
In particular, the most intense line with a frequency shift of 235 cm! stood 
out clearly, appearing quite as sharp and intense as one of the lines of the 
mercury spectrum and being recorded both as a positive and negative fre- 
quency shift. Subsequently also, the author succeeded in recording the 
rocksalt spectrum with the large Hilger quartz El spectrograph and the 
resulting spectrogram was reproduced with a note in Nature (Krishnan, 
1947). Since then, several fresh spectrograms and microphotometer records 
have been obtained. It is the purpose of the present paper to present the 
results together with a critical discussion of their interpretation. 


2. THE STRUCTURE OF THE SPECTRUM 


As is well-known, in order to obtain a correct idea of the structure of 
any spectrum, it is necessary to examine it with a spectrograph of suitable 
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dispersion and resolution. In the case of molecular spectra which usually 
consist of a very large number of closely spaced lines, it is a familiar expe- 
rience that spectrograms taken with a smaller instrument exhibit a system 
of unresolved broad bands showing little or no structure, whereas when 
examined with bigger spectrographs having sufficient resolution, the closely 
spaced lines are recorded clearly resolved from one another, thereby exhi- 
biting unambiguously the discrete character of the spectra. Let us consider 
the case of spectra which consist of a few bright lines far apart from each 
other and superposed on a background composed of a great many feebler 
lines which are very close together and thereby appear unresolved. If 
examined under a spectrograph of small dispersion, such a spectrum would 
appear continuous, and the presence of the brighter discrete lines could 
easily be overlooked as they would be overpowered by the continuum. On 
the other hand, if an instrument of high dispersion is employed, the back- 
ground would be weakened relatively to the individual lines, and the latter 
would then appear more prominently in the spectrograms. It is well-known 
also, that in heavily exposed spectrograms the photographic contrasts are 
greatly diminished and the presence of discrete lines is therefore less easily 
observed. In such cases, in order to gauge correctly the structure of the 
spectrum, it is necessary to take weakly or moderately exposed spectrograms. 
It may also be pointed out that if a spectrum is truly continuous, in other 
words, if it does not contain any detail beyond the power of a smaller instru- 
ment, the use of a larger instrument would not bring out any new detail but 
would, on the other hand, make even such detail as is present less obvious 
to inspection. 


The foregoing remarks are relevant in relation to the facts noticed in 
the Raman spectrum of rocksalt. Even the spectrograms taken with the 
Hilger medium quartz spectrograph exhibited the characteristic features 
of the spectrum quite clearly. A typical spectrogram is reproduced in 
Fig. 1 (¢) in Plate (XIII) and its microphotometer record is reproduced 
below as Fig. 2 with the more prominent peaks marked with the respective 
frequency shifts. The sharpness of some of the peaks, especially 235 and 
350 cm.—1, is comparable to that of any mercury line, showing thereby that 
these peaks represent Raman lines with discrete frequency shifts. This 
conclusion is further supported by the fact that the intense lines with fre- 
quency shifts 235 and 350cm-' are more prominently visible on the anti- 
Stokes side of the microphotometer record owing to the lightly exposed 
nature of the spectrum in this region. They are also seen clearly as lines 
on the anti-Stokes side of the spectrogram and are so sharp that they may 
be mistaken for mercury lines. 
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Fic. 2. Microphotometer record of the Raman spectrum of rock-salt taken with the 
medium quartz spectrograph. 





A lightly exposed spectrogram of the Raman effect in rocksalt taken 
with the Hilger large quartz spectrograph is reproduced in Fig. 3 in Plate 
(XIV). Figs. 4(a) and 4(6) represent photographs enlarged to the 
same extent of the spectrograms taken with the large and medium quartz 
spectrographs respectively. A comparison of the two figures shows at 
once that the details of the spectrum are more clearly seen in Fig. 4 (a) evi- 
dently due to the higher dispersion and resolution of the larger spectro- 
graph. A few salient features may be mentioned. The 235 line is definitely 
sharper and relatively more intense in the photograph taken with the larger 
instrument than in the other one. The doublet 343-50 cm.—! is seen more 
clearly separated from the rest of the spectrum in Fig. 4 (a) than in the other 
figure. The sharpness and the discrete character of the 235 line in parti- 
cular become self-evident from a comparison of the microphotometer record 
of the spectrogram taken with the EF] spectrograph and reproduced in Fig. 5 
below with that taken with the medium spectrograph and reproduced in 
Fig. 2. In the latter the line appears to be of the same intensity as some of 
the other prominent lines in the spectrum, whereas in the record shown in 
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Fic. 5. The microphotometer record of the Raman spectrum of rocksalt taken with 
the El large quartz spectrograph. 


Fig. 5, the line appears to be the most intense one. The explanation is 
obvious. Because of the better definition of the bigger instrument and the 
monochromatic character of the Raman line, the energy of the line is con- 
centrated over a very small region in spite of the high dispersion, and in conse- 
quence the peak intensity of the line is enhanced relatively to some of the 
other lines which are not so sharp and fall in a region bunched up with lines. 


From the above analysis, the structure of the Raman spectrum of rock- 
salt has been clearly established. The spectrum consists of a series of dis- 
tinct Raman lines of which nine could be distinguished without difficulty 
in the photograph reproduced in Fig. 3. They are the prominent lines of 
the spectrum. There are three more lines with frequency shifts 202. 135 and 
85cm! which are comparatively feeble and are just discernible in the 
spectrogram taken with the medium spectrograph [see Fig. 1 (¢)] in Plate 
(XIII). They are more clearly seen in the microphotometer record, 
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reproduced as Fig. 6. Besides the lines mentioned above, the microphoto- 
meter record (Fig. 5) of the spectrogram taken with the larger instrument 








Mee 


Fic. 6. Microphotometer record of the ‘ead of the spectrogram taken with the 
medium spectrograph. 


shows a large number of minor kinks. By a careful and critical examina- 
tion of a couple of microphotometer records, the kinks due to graininess of 
the photographic plate were eliminated and only those which appeared in 
every record at the same place were taken into consideration. Table I gives 
the frequency shifts in wavenumbers from the exciting line of the Raman 
lines of rocksalt. the prominent ones being given in italics. Rough 
estimates of the relative intensities of the lines have also been made and their 
values are entered in Table I. 


3. THE EXTENSION OF THE SPECTRUM 


Rasetti had reported the existence of a low frequency band starting 
from zero frequency shift and extending up to about 6C cm. in the spectrum 
of rocksalt. Investigations carried out by the author definitely showed 
that there was no such band in the Raman spectrum. The band in this region 
appearing in the photograph taken by Rasetti is evidently due to optical 
coma in the instrument used by him. This fact will become evident from 
a comparison of the photographs reproduced in Fig. 1 in Plate (XIII). 
Figs. 1 (a) and 1 (c) are the photographs of the Raman spectrum of rock- 
salt taken with the El and medium quartz spectrographs respectively. 
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TABLE I 


Second-order Spectrum 























Fr nc . 
Si. shift in cm —? Relative Assignment 
No. cena intensity 
| 
Second-order Spectrum | 
1 85 1 ; Octave 29 
2 185 1 | Octave 2Qv5 
3 140 ee Combination vz +¥9 
4 162 ee | Combination vg +7 
5 184 4 , Combination vg+vg 
6 199 on Combination vg+rg 
7 | 202 3 Cctave 2v7 
8 | 220 ee Combination vg+y 
9 | 235 10 Octave 26 
10 | 258 6 Octave 2v5 
| 270 ee Combination »4+ 7, 
12 276 10 Combination v2 +6 
13 | 286 10 Octave 2% 
14 | 300 8 Octave 23 
15 | 314 9 Octave 2». 
16 | 320 a Combination »,+», 
17 326 oe Combination v2+ 3 
= = : } Octave 271 
Third-order Spectrum 
| 
1 | 390 Very feeble | 275; 2»4+72 
2 443 do Qret+v, 
3 | 459 do Wotvg; Waetvy 
4 | 475 do Qrg +1; Brg 
5 507 do 273 + Vo 














Figs. 1 (5) and (d) represent the spectra of the mercury arc taken with the 
same instruments. The coma is present in the bigger spectrograph also. 
The spurious band appears with the same intensity in the mercury spectrum. 


On the higher frequency shift side, the rocksalt spectrum shows an 
abrupt fall in intensity after the 350 line. The photograph of the Raman 
spectrum does not indicate the presence of any band beyond this point. But 
the microphotometer record reproduced in Fig. 7 (a) below shows the exist- 
ence of a weak tail extending up to about 520 cm.—! the intensity decreasing 
continuously with increasing frequency shift. The tail is not made up of a 
smooth curve but shows some structure. By critical examination of a couple 
of microphotometer records, it was possible for the author to identify the 
existence of at least five peaks with frequency shifts 390, 443, 459, 475 and 
507 cm! These are included in Table II. The intensities of these are 
about 1/20th the intensities of the prominent lines in the main second-order 
spectrum. This observation is very significant. The feebleness of these 
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Fic. 7. (a) The microphotometer record of the Raman Spectrum of rocksalt taken with 
the medium quartz spectrograph. (6) The microphotometer record of the mercury spectrum. 


lines and the magnitude of their frequency shifts indicate that they represent 
the third-order spectrum of rocksalt. 


4. THE FUNDAMENTAL FREQUENCIES 
In order to evaluate the fundamental frequencies using the expressions 
for the frequencies given by Ramanathan (1947) reproduced in Table II 


below, it is necessary to identify some of the second-order lines appearing 
in the Raman spectrum of rocksalt. Sir C. V. Raman (1947) has remarked 
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TARLE IT 
: re ete [> slp vo 
|g sas eta }7 2/2. % 
| 4 Description of mode gE | 2 © Formula BEs|s'-o 
a > = |S%o| o8B 
B D 2 |2cn| oor 
| | eo oO fas ° 
| ) ree eee tee ——————$____ 
| 
| Cubic planes oscillating = _erT 
1| normally, Na and| », 9) ee 4 ETT ace. | ass 
Cl in same phase my mo m+ Mo 
Cubic planes oscillating j 0 “Te 
II | tangentially, Na and Cl Vo 6 = + 3A + wo hd 166 157 
| in opposite phases my M2 my+m2 
| 
| Naand Cl lattices vibrat- P+8T | P°+8T’ 
| os ing against each other "Ss 3 my MF mM. 159 150 
Octahedral Na planes P—8T 
| * vibrating normally si ¢ my 143 143 
| Octahedral Na planes P+4T 
| Iv] Pp 
| vibrating tangentially "5 8 my 129 129 
Octahedral Cl planes P’—8T’ 
vibrating normally "6 ‘ mM» 1i7 117 
a 
| | a1 ° 
| Octahedral Cl planes P°+4T 
as | vibrating tangentially re é mM» 104 101 
| | Cubic planes vibrating 1G (T ° 
| VIII} normally, Na and Cl] vg 3 = eet) 66 67 
| | in opposite phases ora Ewe 
| Cubic planes vibrating T4+T’ 
| IX | tangentially, Na and| 9 6 a = ) 46 42 
| Clin same phase MyM 








Note.—P and P’ represent the force on any atom proportional to its own displacement. 
T and T’ represent the force on any atom proportional to the displacement of the next 
nearest neighbours, force and displacement being along the same 
containing the two being the cubic plane containing the two atoms. 


refer to sodium ions and the dashed ones to chlorine ions. 


masses of sodium and chlorine ions. 


m, 


Paar; fae 3ST: 


cubic axis and the plane 
The undashed quantities 
and m, are the respective 


that because of the high refractivity of the chlorine ions, the oscillation of 
the chlorine layers against each other normally to the octahedral planes, 
i.e., ve in Table II, should appear with great intensity in the second-order 
spectrum. The 235 line is the most intense one and is therefore identified 


as the octave of vg. 


The normal oscillation of the corresponding layers of 


sodium ions, i.e., v, Should also appear with a moderate intensity in the 
second-order spectrum. Moreover, the expressions for the frequencies are 


such that v,/v, should be roughly equal to ym./m,. The line with the 
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frequency shift 286 cm.' satisfies the above relation. The tangential oscilla- 
tions of the (111) sodium and chlorine layers (i.c., v; and vz) should only 
appear feebly in the second-order spectrum and their frequencies should also 
be roughly in the same ratio as v, and vs. The lines 258 and 202 satisfy 
this relation. Therefore the lines 286, 258, 235 and 202 cm— can be identi- 
fied as the octaves of v4, v5, vg and v, respectively. As will be evident from 
Table II, in order to evaluate the four constants P, P’, T and T’, it is enough 
if three frequencies are assumed, since there is a relation connecting the four 
force constants, namely (P + 8T) = (P’-+ 8T’). Accordingly, the frequencies 
of v4, vs and vg are taken as 143, 129 and 117 cm.! respectively. The force 
constants have been evaluated. 

P = 2-43 x 10 = dynes/cm. 

P’=: 2-475 x 104 

T = — 0-043 x 104 

T’= — 0-049 x 10 
Using the above values of the force-constants, the fundamental frequencies 
of all the modes have been evaluated and the results are shown in column 
6 of Table IJ. Comparing the theoretical results with the frequency shifts 
of the prominent Raman lines listed in Table I, identification of the lines 
can be easily made. The lines with frequency shifts 350, 314, 300, 202, 135 
and 85 are the octaves of v;, vs, v3, 7, ¥g and vy respectively. The funda- 
mental frequencies calculated from the observed frequencies of the octaves 
are shown in column 7 of Table [I]. The agreement between the theoretical 
and observed values of the fundamental frequencies is fairly satisfactory. 
As is to be expected on theoretical grounds (Raman, 1947), the line 314 cm.-', 
i.e., the octave of v, is more intense than either the 300 line (2v;) or the 350 
line (2v,), and the octaves of v, and vy are the weakest in the whole spectrum. 
The remaining lines listed in Table I can be satisfactorily explained as combi- 
nations and the respective assignments are given in the last column of Table I. 
The intensity of the 184 line is increased by the presence of a feeble mercury 
line falling adjacent to it. The intensity of the 276 line is also rather high 
for a combination. It is probable that because of its nearness to 2v,, its 
apparent intensity is enhanced. The line with the frequency shift of 343 cm-! 
may be explained as arising from degeneracy splitting of the octaves of », or 
as due to a kind of Fermi resonance since the third harmonic of vg falls on 
the top of the octave of »,. If one puts down all the 36 combinations which 
can appear in the second-order spectrum, no fewer than 20 of them are 
bunched together in the region of frequency shifts from 260 to 350 cm-' 
This would account for the strong unresolved continuum appearing in this 
region of the observed spectrum. 
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The tail end of the spectrum to which reference has been made in the 
last section exhibits five lines which are satisfactorily explained as_ third- 


order combinations, and their tentative assignments are shown in column 
4 of Table I. 


Thus, in all its details, the spectroscopic behaviour of rocksalt as mani- 
fested in the Raman effect is fully and satisfactorily explained on the basis 
of the new theory of crystal dynamics put forward by Sir C. V. Raman. 


6. REMARKS ON BoRN’S THEORY 


Soon after the publication of the author’s detailed paper on the Raman 
spectrum of rocksalt in the Proceedings of the Royal Society, a paper on 
the theory of the Raman effect in crystals by Born and Bradburn (1947) 
appeared in the same journal, in which these authors attempted to work out 
theoretically the Raman spectrum of rocksalt, and claimed that their results 
satisfactorily explained the facts as reported by Rasetti and by the author. 
This publication was received here only after sending the last communication 
to Nature (Krishnan, 1947) and therefore the author did not have any oppor- 
tunity to reply to the remarks made therein. In subsequent communications 
to Nature, Born (1946, 1947) did not make any reference to the author’s 
detailed paper, but persisted in the original claim of having satisfactorily 
explained the observed facts on the basis of his theory. The writer has 
carefully gone through the theoretical paper by Born and Bradburn and 
wishes to make the following comments. 


For their theoretical calculations, Born and Bradburn have used the 
vibration spectrum of the rocksalt lattice as deduced by =Kellermann on 
the basis of the Born-Karman theory of the cyclic lattice. Tue fundamental 
postulate of the latter theory is that all atomic vibrations can be considered 
as sets of waves traversing the crystal from end to end. Tle very appearance 
of the second-order spectrum is, however, inconsistent with this wave picture 
for two reasons. Firstly, it can be shown quite rigorously that if these waves 
extend over the entire volume of the crystal as postulated in \ae Born theory, 
the second-order effects in light-scattering from the individual cells of the 
lattice would cancel out by optical interference and therefore no Raman 
spectrum could be observed. This would be the case even if the waves are 
supposed to extend only to volume elements having the size of a few wave- 
lengths of light. Secondly, the second-order effects, if any, are obtained 
by taking into consideration the anharmonicity arising from the finite ampli- 
tude of the atomic vibrations. These amplitudes should be a sensible frac- 
tion of the distance between Na and Cl ions, since otherwise the optical effects 
of anharmonicity would be quite negligible. The energy of any vibration 
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is hv and that of its octave is 2hv. If this energy is distributed over a very 
small number of atoms, as in the case of polyatomic molecules, the ampli- 
tude of vibration of every atom would be sufficiently large to give rise to 
second-order effects. If, on the other hand, each vibration is considered 
as a wave extending over the entire volume of the crystal or a volume element 
which is macroscopically small but large enough to include a great many 
lattice cells, the energy 2hv would be shared by an immense number of atoms, 
and the resulting amplitude of vibration would be too small to give any such 
effects of the second and higher orders. In the case of diamond, the 
observed intensity of the second-order spectrum is about 1/250th the intensity 
of the first order. In rocksalt, one does not observe any first-order spectrum 
but finds instead a second-order spectrum of appreciable intensity, and a 
weak third-order spectrum is also recorded. The very appearance of the 
higher order spectra indicates that as in the case of polyatomic molecules, 
the vibrations are localised, being restricted to the atoms in the individual 
cells of the lattice, or a very few of them. It follows therefore that the very 
basis of the theoretical calculations of Born and Bradburn is untenable. 


Born and Bradburn admit that according to their theory the second- 
order Raman spectrum of rocksalt should be in the nature of a continuum 
exhibiting a few broad peaks. It is therefore not surprising that they mis- 
interpret the observed spectrum as a continuous one with small super- 
imposed peaks to suit their theory. Any one possessing a practical knowledge 
of spectroscopy would, however, have no difficulty in recognizing that the 
Raman shift of 235 cm." is actually a very sharp and comparatively intense 
line. Born anc Bradburn have no explanation to offer for the appearance 


of this line, Which even taken by itself, is a complete refutation of their 
theoretical ideas. 


Born and Bradburn have given no explanation whatsoever for the acti- 
vity or otherwise in the Raman effect of the various branches of combina- 
tional frequenées. They have arbitrarily chosen the coupling constants 
and the intensity°factors in an attempt to fit the facts. In this process, they 
succeed in getting an intensity distribution curve which exhibits four broad 
peaks in the regien of frequency shifts‘200 to 370cm.=1 As will be evident 
from the microphotometer record reproduced in Fig. 5, of the present paper, 
apart from the extremely sharp line at 235cm-—', the recorded spectrum 
exhibits no less than 18 observable peaks about the reality of which there 
can be no question, since they are perfectly reproducible. Their theoretical 
intensity distribution curve does not therefore resemble even remotely what 
has been recorded experimentally. 
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Fic. 1. (a) Raman spectrum of rock-salt taken with the large quartz Spectrograph 
(b) Comparison Spectrum of the mercury arc 
" (c) Raman spectrum of rock-salt taken with the medium quartz Spectrograph 
(d) Comparison mercury Spectrum taken with the same instrument 
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Fic. 3. Raman spectrum of rock-salt taken with a Hilger El large quartz Spectrograph 



































Fis. 4. Raman Spectrum oi rock-salt (a) and (b) spectrograms taken with the large 
and medium quartz spectrographs respectively and enlarged to the same size. 
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Again, in trying to account for the broad band adjacent to the exciting 
line and extending up to 60 cm-* reported by Fermi and Rasetti, Born and 
Bradburn have obtained two strong low frequency bands at 15 and 50 cm. 
which they ascribe to the activity of some differential branches of frequencies. 
The present investigation has, however, shown that there is no such band 
in the Raman spectrum, and that what has been reported by Fermi and 
Rasetti is patently due to optical coma in the instrument. If one proceeds 
on the basis adopted by Born and Bradburn, viz., to adjust the theoretical 
calculations to fit the facts, one has necessarily to drop out their differential 
branches 12, 15, 17 and 18 which give rise to the low frequency bands, as 
they have no existence in the actual spectrum. Then one has necessarily 
also to drop out the corresponding summational branches, namely 6, 9 and 10. 
The theoretical curve would then be materially altered. This is only one 
illustration of the completely artificial character of the whole procedure 
adopted by Born and Bradburn. 


The author is grateful to Prof. Sir C. V. Raman, F.R.s., for useful dis- 


cussions. 
7. SUMMARY 


By a careful microphotometric study of the spectrograms taken under 
high dispersion, it has been shown that the Raman spectrum of rocksalt con- 
sists of an aggregate of discrete lines some of which are more intense than the 
others. With the aid of the indications given by the theory regarding the 
vibration frequencies and their relative activities in light-scattering, nine of 
the more prominent lines in the spectrum have been identified as the octaves 
and the rest as combinations of the nine fundamental frequencies of oscilla- 
tion of the rocksalt lattice. The views expressed by Born and Bradburn 
regarding the nature of the rocksalt spectrum and the explanations offered 
by them for its appearance have been examined and shown to be untenable. 
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1. INTRODUCTION 


A stupy of the Raman spectrum of crystalline ammonium chloride and its 
variation with temperature is of great theoretical interest from two points 
of view. Firstly, as is well known, ammonium chloride crystal possesses 
a A-point transition (=242-8°T.) at or in the vicinity of which its various 
physical properties exhibit anomalous behaviour. Pauling (1930) has 
suggested that the NH, ion is capable of free rotation above the transition 
temperature and the rotation changes to oscillation below that temperature 
and that the observed phenomena are just those expected to accompany 
the transition from rotation to oscillation of the NH, ion. Frenkel (1935), 
on the other hand, favoured the view that the NH, ion executed only torsional 
oscillations both above and below the transition temperature. A study of 
the Raman spectrum of ammonium chloride at different temperatures should 
throw some light on the behaviour of the NH, ion in the neighbourhood of 
the transition temperature. 


Secondly, ammonium chloride crystallises in the cubic system, its 
structure being similar to that of cesium chloride below 450° T. On the 
basis of the new crystal dynamics, a structure of the cesium chloride type 
should have 11 fundamental frequencies of oscillation, none of which would 
be active as fundamentals in light-scattering. This would also be the case 
with ammonium chloride crystal if the NH, ion is capable of free rotation 
and in consequence possesses spherical symmetry. If, however, this condi- 
tion be not satisfied because of the specific orientation of the tetrahedral 
NH, ion in the lattice, some of the 11 modes of oscillation in which the ion 
moves as a unit may be active as fundamentals in light-scattering. This 
actually proves to be the case, as we shall see and the study of the Raman 
spectrum of NH,Cl, therefore, enables us directly to confirm the discrete 
nature of the vibration spectrum of the cesium chloride structure. 


2. EARLIER WoRK 


The Raman effect in ammonium chloride in the crystalline state has 
attracted a good deal of attention. The earlier investigators, namely, 
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Schefer, Matossi and Aderhold (1930), Kastler (1932), Silveira, (1932), 
Holmes (1932) and Rao and Rao (1933, 1934) reported the existence of only 
a few lines in the spectrum of ammonium chloride. More detailed investi- 
gations were carried out by Menzies and Mills (1935), Holmes (1936) and 
Ananthakrishnan (1936, 1937). Menzies and Mills recorded spectrograms 
with the crystal powder maintained at the room temperature, — 24°C., 
—28°C., — 32°C., — 65°C. and at — 150°C. respectively. The most 
interesting observation reported by them is the appearance of a lattice line 
with frequency shift 183 cm.-! when the temperature of the crystal is lowered 
below about — 30°C. For the NH, group, the same authors reported 
five diffuse lines at room temperature and seven sharp lines at — 150°C. 
Holmes worked with a single crystal of ammonium chloride and studied its 
Raman spectrum in the range from room temperature to well above 510° T. 
at which the crystal has the NaCl structure. Although he succeeded in 
recording the complete spectrum of the NH, group, i.e., nine Raman lines, 
he failed to record any Raman line with a frequency shift less than 1400 cm! 
Employing the technique of complementary filters for crystal powders, 
Ananthakrishnan examined the Raman spectrum of ammonium chloride 
and confirmed the existence of eight of the nine NH, lines reported by 
Holmes. He also failed to record any low frequency line. 


From what has been said above, it is clear that the results of the earlier 
workers on the Raman spectrum of ammonium chloride are incomplete, 
presumably because of the difficulty experienced by them in obtaining good 
photographs. Most of them used the 4046 and the A 4358 radiations of 
the mercury arc as exciter. Single crystals of ammonium chloride being 
transparent to the ultra-violet, the use of the A 2536-5 mercury resonance 
radiation as exciter suggests itself as a marked improvement in the technique 
of study, especially when one is interested in recording low frequency or 
lattice lines on a clear background. Accordingly, the author undertook 
a detailed investigation of the Raman spectrum of ammonium chloride in 
the form of a single crystal and its temperature variation, using the A 2536-5 


excitation. 
3. DETAILS OF THE EXPERIMENT 


Single transparent crystals of ammonium chloride with well-developed 
faces were prepared by the method of slow evaporation from aqueous solu- 
tions of the salt to which a small quantity of urea was added.* The latter 
acts as a catalyst and facilitates the growth of the crystal. Kahlbaum’s 


ee 


* The author is indebted to Mr. K. G. Ramanathan who rendered assistance in the pre 
paration of the crystals. 
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purest chemicals were used. The biggest grown crystal had the dimensions 
2-5 x 2-5x1-S5cm. The specimens used in the present investigation 
were usually of the size 1 x 1 x 0-5cm. Refractive index measurements 
were made with the ammonium chloride crystals. The measured value was 
the same as that of the pure salt indicating thereby that the crystals were not 
contaminated with urea. This conclusion was further supported by the 


fact that the Raman spectrum did not exhibit the characteristic urea lines 
even faintly. 


The experimental technique employed for photographing the Raman 
spectrum using the A 2536-5 excitation was the same as in the recent investi- 
gations of the author with various other crystals. For experiments below 
room temperature, a demountable Dewar flask was used. The crystal of 
ammonium chloride was firmly fixed to a copper block which was in turn 
screwed on to the lower end of the inner tube of the Dewar flask. The latter 
was provided with two quartz windows for illumination and observation. 
Liquid air, solid carbon dioxide in alcohol, solid carbon dioxide in acetone 
and salted ice were successively used as refrigerants. At very low tempera- 
tures the crystal acquired a fugitive yellow colouration on irradiation by 
ultra-violet light. For work above room temperature, a specially designed 
heater described in detail in one of the earlier papers of the author (Krishnan, 
1946) was used. 


A series of spectrograms was taken with the crystal held at seven different 
temperatures from 395° T. down to that of liquid air, i.e., 85°T. A Hilger 
medium quartz spectrograph was used. With a slit-width of 0-04 mm., 
exposures of the order of 15 hours were given to get reasonably intense 
spectrograms at liquid-air temperature, whereas exposures of 3 hours sufficed 
for the room temperature photograph. Ilford special rapid plates were 
used. The negatives were measured with the aid of a Hilger cross-slide 
micrometer. 

4. RESULTS 


Photographs of the Raman spectrum of ammonium chloride taken at 
308° T. and 85° T. are reproduced in Figs. 1 (6) and 2 (d) respectively. The 
corresponding microphotometer records are shown in Figs. 1 (c) and 2 (c). 
Figs. 1 (a) and 2 (a) represent the spectrum of the mercury arc for purposes 
of comparison. The spectrograms taken by the author and reproduced in 
Figs. 1 and 2 exhibit many more Raman lines both in the low and high fre- 
quency shift regions than any recorded by the earlier workers. The posi- 
tions and the frequency shifts of the Raman lines and bands are marked in 
the Figures. In order to get a very heavily exposed spectrogram at liquid- 
air temperature, crystalline quartz windows were used for the demountable 








‘unsseds AindI90I Sy) JO p10dE1 I9j}9UNOj;OYdoIDTY (y) ‘soINjerodars) jUSIAgIP 18 Usyxe? 
spuoTys wWNUoWUe Jo uNINDEds sONIe] By} Jo SpI0dez Jo}2MIO}OYdOIDIP, (3) 0) (0) “pH “OIF 


435 


L.S6€ 3 L8re Sf ; L.80€ 2 L897 P 

















~ 
S& 
= 
3 
5 
rw 
4 
™ 
~ 
3 
= 
s 
8 
~ 
XN 
3 
= 
Ss) 
= 
= 
= 
Ss 
S 
SS 
Q 
_— 
Ss 
& 
~ 
~ 
~ 
S 
& 
nv 
Ss 
8 
S 
i. 
































436 R. S. Krishnan 


Dewar flask. With this arrangement some of the Raman lines of quartz 
appeared feebly in the spectrogram (see Fig. 2). The quartz lines are marked 
as‘*‘Q” in the microphotometer record. The Raman shifts of ammonium 
chloride are classified under two heads, namely, (1) low frequency or lattice 
lines and (2) lines due to the internal oscillation of the NH, group, and are 
described separately. 


Lattice lines —The series of spectra reproduced in Figs. 3 (a) to (g) 
represents the lattice spectrum of ammonium chloride taken at different 
temperatures. The corresponding microphotometer records are repro- 
duced in Figs. 4(a) to (g). As the photographs reproduced in Fig. 3 with 
the exception of the one at 195° T., were taken with fused quartz discs as 
windows for the Dewar flask and for the heater, the low frequency lines 
appearing in the spectra are not quartz lines, but genuine lattice lines of 
ammonium chloride. Even in the spectrogram taken at 195° T., only the 
most intense Raman line of quartz is recorded feebly. The photographs 
reproduced here, while confirming Menzies and Mills’ results for very low 
temperature, reveal numerous other interesting facts. The lattice spectrum 
becomes diffuse and faint when the crystal is heated above room temperature. 
At the highest temperature investigated, namely 395° T., the crystal began 
to sublime slowly and thereby became translucent. Consequently, it was 
not possible to get any heavily exposed photograph at this temperature. 
Careful examination of Figs. 3 (g) and 4 (g) indicates that even at this high 
temperature, four Raman lines could be easily identified in the lattice spec- 
trum. As the crystal is cooled down, the spectrum brightens and also 
sharpens considerably, exhibiting even above the so-called A-transition 
(242-8° T.) a group of three fairly well-defined Raman lines with indications 
of three fainter ones. Of the latter, the one with the highest frequency shift 
is rather broad and can be clearly seen in all the photographs except the one 
taken at liquid-air temperature. The other two are fairly sharp and are just 
discernible in the photograph taken at 268° T. They are more clearly seen 
in the corresponding microphotometer record both on the Stokes and the 
anti-Stokes sides. At other temperatures they are partially masked by the 
presence of the intense lines in the neighbourhood. The features of the 
spectrum persist far below the A-point transition, becoming at the same time 
quite sharp and showing progressive shift in their positions with falling tem- 
perature. A remarkable change in their intensities also occurs at the same 
time. At liquid-air temperature, all the lines disappear except the very 
intense one with the frequency shift 183cm.-? A new line with frequency 
shift 278 cm.-? unmistakably makes its appearance. This is quite sharp but 
faint, See Figs. 3(a) and 4(a). The microphotometer record reproduced 
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in Fig. 2(c) exhibits another faint line with a frequency shift of 91 cm. 
which is not one of the characteristic lines of quartz. In Fig. 4(a) the 
existence of this line is not so clearly discernible as in Fig. 2 (a), probably 
due to the overexposure of the coma accompanying the exciting line. The 
frequency shifts of the lattice lines at different temperatures are entered in 
Table I. The photograph taken at room temperature shows the existence 




















TABLE I 
Lattice Spectrum of NH,Cl 
— | Frequency shifts in wave numbers 
85 | 91 183 278 
173 97 145 180 200 
195 95 110 143 174 199 
268 92 107 141 152 170 195 
308 90 138 168 192 
348 90 135 162 183 
395 87 134 158 180 
Assignment Qvz % Vs V4 Vg Vy "4 2, 
































of a weak continuum starting from about 200cm. and extending up to 
380 cm.-! at which the intensity drops down to almost nothing. 


The spectrum of the NH, group.—All the Raman lines with frequency 
shifts greater than 1400 cm.—? have been attributed to the internal oscillations 
of the NH, group. The spectrum at room temperature exhibits no less than 
14 Raman shifts, some of which are sharp, some broad and the rest broad 
and diffuse. In the spectrogram taken at liquid-air temperature, no less than 
23 Raman shifts could be identified as due to the NH, group. The fre- 
quency shifts of these are entered in Table II. Rough estimates of the rela- 
tive peak intensities have been made and the values are given in Table II 
along with the description of the lines: b, d, and s represent broad, diffuse 
and sharp. The values of the frequency shifts of ammonium chloride 
recorded earlier by Menzies and Mills (1935) at 123° T. (— 150°C.) and 
those obtained by Holmes (1936) and by Ananthakrishnan (1937) for room 
temperature are also included in Table II for purposes of comparison. 
Menzies and Mills’ data are far from being complete, while Holmes and 
Ananthakrishnan recorded all the important lines of the NH, ion exhibited 
at room temperature. 


The general nature of the change which the spectrum undergoes as the 
temperature is progressively lowered, is best described by stating the appear- 
anceof the lines themselves. The Raman shifts entered in Table II have 
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TABLE II 


Raman Spectrum of the NH, Group in Ammonium Chloride 
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193° | (1847) 85°T baateeabts | (1986) (1937) (1947) | Intensity 
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been classified into seven groups. The most intense Raman line appearing 
in the spectrum at room temperature has the frequency shift of 3041 cm.-? 
(Group I) and is rather broad. At liquid-air temperature this line becomes 
sharp and is followed by a feeble companion with a frequency shift of 
3072 cm. The two lines with frequency shifts lying between 1700 and 
1760 cm.' which were reported by Holmes and Ananthakrishnan cannot 
be identified in the author’s spectrogram as they fall on the top of the mercury 
triplet A 2652-0, 2653-7 and A2655-1. An examination of the spectro- 
grams and the microphotometer record reproduced in Fig. 1 reveals that 
the outer components of the triplet which are separated from A 2536-5 by 
1716 and 1760cm.~', appear to have bulged out in the scattered spectrum 
due to the superposition of the Raman lines. Their frequency shifts shave 
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therefore been tentatively taken as 1710 and 1765cm.-! The room tempe- 
rature photograph exhibits an additional broad line with a mean shift of 
1780cm.-! At liquid-air temperature, two lines with frequency shifts 1790 
and 1810cm.—' are seen clearly separated from the triplet. One Raman 
line with frequency shift 1716cm.-! has been included in Table II. Its 
existence is inferred from the appearance of the mercury line A 2652-0 on 
which it falls, and also from the fact that Menzies and Mills have reported 
a fairly intense line with a shift of 1712 cm? The intense and broad Raman 
line appearing in the spectrum at room temperature with a frequency shift 
of 3146cm.-! splits up into a triplet with shifts 3121, 3138 and 3162 cm! 
at liquid-air temperature, the first one being the most intense. One of 
the three fairly sharp lines which appear at room temperature with shifts 
1400, 1418 and 1440 cm.-', is absent in the spectrogram taken at liquid-air 
temperature. The relative intensities of the other two lines are reversed. 
Two broad bands lying at = 2010 and 2828 cm.’ in the spectrum at room 
temperature sharpen as the temperature is lowered. At liquid-air tempe- 
rature each one of them has a companion band on the high frequency shift 
side. The photograph reproduced in Fig. | exhibits a group of four Raman 
bands with frequency shifts greater than 3200 cm.~’, the intensity of the band 
decreasing with increasing frequency shift. Two bands = 3232 and 
3300 cm.-! have already been reported by Holmes (1936). The four bands 
recorded in the present investigation split up into nine components with 
frequency shifts = 3215, 3235, 3285, 3310, 3365, 3395, 3420, 3515 and 
3535 cm.-! when the temperature of the crystal is lowered to that of liquid 
air. These components may be seen only with some difficulty in the repro- 
duced photograph, but they can be more easily identified in the microphoto- 
meter record (Fig. 2 c). 


Besides the Raman shifts listed above, the spectrogram taken at room 
temperature exhibits four broad and diffuse bands 460-540, 670-780, 
1065-1145 and 1280-1335 cm.-! respectively. They are marked as B,, Bs, 
B, and B, in Fig. 1 (a). These bands cannot be attributed to the internal 
oscillations of the NH, ion. The intensity distribution in each band is 
asymmetrical, the low frequency shift end being more intense than the other. 
See Fig. 1. In the spectrogram taken at liquid-air temperature, one notices 
only two fairly sharp lines with frequency shifts 560 and 750 cm.“ See Fig. 2. 


It should be remarked that as the temperature is lowered, the changes in 
relative intensity, width and number of the Raman shifts take place progress- 
ively. See the series of photographs of the complete spectrum of NH,Cl 
reproduced in Fig. 5. The characteristic features of the liquid-air photo- 
graph begin to appear in the spectrum taken at 173° T, It will be seen from 
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the photographs (Fig. 5) that the intensity of the 4 2536-5 line relative to 
that of its companion (A 2534-8) increases with increase in temperature. 
This can be explained as due to the fact that the unmodified scattered radia- 
tion is mostly made up of thermal scattering (Brillouin components) which is 
not absorbed by mercury vapour filter and whose intensity is directly pro- 
portional to the absolute temperature. 


5. DISCUSSION 


Before discussing the significance of the results presented in the last 
section, it is useful to review the conclusions arrived at regarding the beha- 
viour of the NH, ion from other investigations. It is known from X-ray 
studies (Bartlett and Langmuir, 1921; Wyckoff, 1922) that ammonium chlo- 
ride possesses the cesium chloride structure (body-centered cube); each 
nitrogen atom is surrounded by 4 hydrogen atoms tetrahedrally and by 8 
chlorine atoms at the corners of a cube. Many physical properties of the 
crystal are found to vary sharply but continuously with temperature in the 
neighbourhood of the so-called A-point transition (242-8°T.). As the 
temperature is raised through an interval of only a few degrees, the specific 
heat at constant pressure (Simon, 1922; and others, 1927; Ruhemann, 
1927; Crenshaw and Ritter, 1932) and the coefficient of thermal expansion 
(Simon and Bergmann, 1930; Smits and MacGillavry, 1933; Adenstedt, 
1936) increase many times in value and then decrease. Similar behaviour 
is also exhibited by the dielectric constant and dielectric absorption of 
ammonium chloride (Weigle, 1935). The crystal becomes strongly piezo- 
electric below the transition temperature (Hettich and Schleede, 1928; 
Hettich, 1934; Bahrs and Engl, 1937). From this observation Hettich 
concluded that the crystal has no centre of symmetry at low temperatures 
and therefore belongs to the class T,, while at ordinary temperatures it belongs 
to the class O,. X-ray studies carried out by Simon and von Simson (1926), 
Smits and MacGillavry (1933) and Ketelaar (1934) showed that the crystal 
structure remained unaffected as the temperature was lowered below the 
\-point. The transition temperature is accompanied by a small volume 
change less than 1%. These investigators therefore concluded that the 
transition point should be associated in some manner with the behaviour 
of the hydrogen tetrahedra, since the light hydrogen atoms alone would 
not give any trace of their presence in the X-ray method. 


In order to explain the observed anomalous behaviour exhibited by 
ammonium chloride crystal, Pauling (1930) put forward the hypothesis that 
at temperatures above the transition point, there would be free rotation of 
the NH, ion in the lattice, The failure to observe any lattice lines in the 
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Raman spectrum of ammonium chloride above the A-point by Menzies and 
Mills (1935) is explained by them as due to the presence of free rotation of 
the NH, ion. Frenkel (1935), on the other hand, is opposed to the idea 
that free rotation starts just at the transition temperature, as there is no 
supporting evidence so far for the implied weakening of the interatomic 
binding force in the neighbourhood of the A-point. He favours the view 
that both above and below the transition temperature, the NH, ion executes 
rotational oscillations. In the former case, there exists some order in the 
orientation of the axes about which oscillations occur, whereas above the 
transition temperature the orientations are irregularly distributed through- 
out the lattice. Lawson (1940) has calculated the temperature variation 
of the specific heat under constant volume from measurements on the tempe- 
rature variations of adiabatic and isothermal Young’s and rigidity moduli 
and the coefficient of thermal expansion, and has come to the conclusion 
that the transition is not associated with the occurrence of almost free rota- 
tion as suggested by Pauling. Lawson favours Frenkel’s explanation, namely, 
that only a reorientation of the NH, ion takes place in the lattice at the 
transition temperature. 


Let us now examine the spectroscopic behaviour of ammonium chloride 
in the light of what has been said above. The appearance of low frequency 
Raman lines constituting the lattice spectrum with great intensity in crystalline 
ammonium chloride at temperatures above the A-point transition supports 
Frenkel’s hypothesis rather than Pauling’s. If the NH, ion is capable of 
free rotation and in consequence possesses spherical symmetry, none of the 
atomic vibrations of ammonium chloride in which NH, moves as a unit 
should appear as fundamentals in Raman effect due to the similarity of its 
structure to that of cesium chloride. In fact, the Raman spectrum of 
ammonium chloride exhibits lattice lines with discrete frequency shifts even 
at as high a temperature as 395° T., showing thereby that the NH, ion is 
not capable of free rotation at this temperature. 


At liquid-air temperature only one intense Raman line appears in the 
lattice spectrum with frequency shift 183 cm.—? which agrees with the rest- 
strahlen frequency of ammonium chloride (Rubens and Wartenberg, 1914). 
This line therefore represents the mutual oscillations of the NH, and Cl 
lattices against each other. The appearance of the fundamental vibration 
both in the scattering of light and in the infra-red absorption supports 
Hettich’s suggestion that at very low temperatures the crystal does not 
possess any centre of symmetry and therefore belongs to T, class. It 
follows therefore that there is a common preferred orientation for all the 





442 R. S. Krishnan 


hydrogen tetrahedra which have ceased to oscillate and are at rest in the 
crystal. Menzies and Mills (1935) are of the opinion that the orientations 
of hydrogen tetrahedra are such that a symmetry axis of the tetrahedron 
lies parallel to the diagonal axis of the cube. As the temperature is raised 
above 170° T., the full lattice spectrum of ammonium chloride makes its 
appearance in the Raman effect, indicating thereby that a definite change 
has taken place in the relative orientation of the hydrogen tetrahedra. The 
effect can be visualised as follows:—As the temperature is raised, the NH, 
ion begins to oscillate and the preferred orientation of the hydrogen tetra- 
hedra gets disturbed. The slight mis-setting of the hydrogen tetrahedra 
during torsional oscillations makes all the lattice vibrations of the structure 
in which NH, moves as a unit, active in the Raman effect. This enables 
us to observe directly the discrete nature of the vibration spectrum of the 
cesium chloride type of structure. As long as the torsional oscillations 
are of small amplitudes, the lattice lines should be sharp. As the tempe- 
rature is still further increased, the oscillations become more violent and 
the orientations of the hydrogen tetrahedra tend to be more irregularly 
distributed resulting in a broadening of the lattice lines. This is what is 
observed experimentally. Thus, the spectroscopic data strongly indicate 
the correctness of Frenkel’s picture regarding the behaviour of the NH, ion 
above and below the transition temperature. 


Identification of the fundamental frequencies of the lattice-——The fact 
that the lattice spectrum of ammonium chloride consists of a finite number 
of discrete frequencies is a direct confirmation of the validity of the Raman 
dynamics. On the basis of the new dynamics, cesium chloride structure 
has eleven fundamental modes of oscillation. They are enumerated in 
Table III for the case of the ammonium chloride structure. The expressions 
for the frequencies have been worked out by K. G. Ramanathan (1947) in 
a paper appearing elsewhere in these Proceedings. The approximate 
formula involving only four force-constants are given in column 5 of Table 
Ill. The frequencies of the 11 modes are in the descending order of magni- 
tude. P and P’ represent the force on any atom proportional to its own 
displacement and T and T’ represent the force on any atom proportional 
to the displacement of the next nearest neighbours. The undashed quanti- 
ties refer to the NH, ion and the dashed ones to Cl ion. m, and mz, are the 
respective masses of NH, and Clions. To a first approximation the 11 modes 
have only 7 distinct frequencies, v, to v,. Since P= P’ and T & T’, in order 
to evaluate the frequencies, we are justified in putting P = P’ and T= T’. 
If two of the lattice lines are identified, the remaining frequencies can be 
calculated using the formule given in Table II]. The spectrum taken at 
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268° T. exhibts the maximum number of lattice lines. From a comparative 
study of the figures given in Table I, it is seen that the mode in which the 
NH, and Cl lattices vibrate against each other has a frequency of 183 cm. 
at 85° T. which decreases to a value 170 cm. at 268° T. Therefore v, can 
be taken as equal to 170cm.-_ The eleventh mode given in Table III should 
have a very low frequency. At 268° T. no line with frequency shift less than 
90 cm.-' has been recorded. At liquid-air temperature two feeble lines with 
frequency shifts 91 and 278cm.-' are recorded which should be assigned 
as octaves from intensity considerations. It is quite reasonable to assign 
the 91 line as the octave of v, The corresponding fundamental will have 
a frequency of 45cm.—! at 85° T. and 42 cm.! at 268° T. Therefore v, at 
268° T. is taken as equal to 42cm.-! Putting these values of v, and »v, in 
the expression for frequencies, the values of P and T have been calculated :— 


P = P’ = 2°176 Xx 10* dynes/cm. 
T = T’= — 0-07 x 104 dynes/cm. 


The force-constants in ammonium chloride are of the same order of magni- 
tude as in sodium chloride. Taking the above values of the force-constants, 
the remaining five frequencies have beeit evaluated and are entered in column 
7 of Table III. The measured values of the frequency shifts of the lines 
appearing in the spectrum at 268° T. are given in the last column of the same 
table. Considering the approximations made in the calculations, the agree- 
ment between the theoretical and observed values is satisfactory. It is 
important to point out that v, is the most intense line below 180° T., while 
above that temperature v, is the most intense one. The identification of 
the frequency shifts entered in Table I is shown in the last row of the same 
table. 


The spectrum of the NH, ion.—Because of its tetrahedral symmetry, 
NH, ion in the free state should have only four distinct modes of oscillation 
of which », is single, v, is doubly degenerate and v; and vy are triply degene- 
rate. The corresponding Raman shifts are 3033, 1685, 3134 and 1397 cm-! 
The observed frequency shifts in crystalline ammonium chloride lying in 
the neighbourhood of 3000, 1700, 3100 and 1400cm.-! and classified under 
groups I, II, III and IV in Table II, represent the fundamental frequencies 
of internal oscillation of the NH, ion. 


In the crystalline state the degeneracies of the frequencies of the free 
NH, ion appear to have been removed as indicated in Table IV. It will be 
evident from a comparative study of the figures given in this table that the 
degeneracy of vs is removed only at very low temperature, i.e., below 180° T. 
At liquid-air temperature only 8 lines due to the NH, ion are recorded. The 
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TABLE IV 
Raman Frequencies of the NH, Ion 


| vy V2 V3 
| 





"% 








Free ‘is 1685 3134 1397 





NH,CI crystal at 308°T .. 1710, 1765 3146 1400, 1418, 1440 








at 85°T --| 3048 1716, 1790 3121, 3138, 3162 1401, 1420, ? 




















ninth one may be too feeble to be recorded. The appearance of nearly all 
the frequencies characteristic of a penta-atomic group in the spectrum of 
ammonium chloride suggests that in the crystal lattice the vibrating NH, 
ion possesses lower symmetry evidently due to the presence of potential 
fields of the neighbouring ions, although the NH, ion has the full tetrahedral 
symmetry when the atoms are at rest. 


At liquid-air temperature, the intense Raman line with frequency shift 
3048 cm.-? corresponding to the totally symmetric oscillation of the NH, 
ion has a weak companion at 3072cm.-! The origin of this line and also 
of the band = 1780cm.-" recorded at room temperature and the one 
= 1810cm.—? at liquid-air temperature is not yet understood. 


The spectrograms taken both at liquid-air temperature and at room 
temperature exhibit three groups of bands (V, VI and VII of Table II) 
with frequency shifts lying in the neighbourhood of 2800, 3200-3500 and 
2000 cm.-! respectively, some of which are fairly intense. Holmes (1936) 
and Ananthakrishnan (1937) suggested that the band at = 2828 cm.-! 
might be the octave of the 1400 line. This suggestion is untenable since the 
2828 band is more intense than the 1400 line. A comparison of the 
frequency shifts of the bands lying at = 2800 and 3200-3500cm.-! with 
the characteristic frequency shifts of HCl and NHg observed in liquids 
and solutions shows that there is complete correspondence regarding the 
frequency shifts and relative intensity. It does not necessarily follow that 
there are free HCl and NH; molecules present in crystalline ammonium 
chloride at all temperatures. The significance of this result will, however, 
be discussed in a forthcoming paper by the author on the Raman spectrum 
of ammonium bromide and its temperature variation. 


The reason for the appearance of a group of three diffuse bands between 
450 and 1350cm.—! in the spectrogram taken at room temperature and the 
line 560 cm.~* in the spectrogram at liquid-air temperature is at present not 
clear. The broad band 670-780 cm. (B,) appearing at room temperature 
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and the sharp line at 760 cm.’ appearing at liquid-air temperature may be 
assigned as the intense 3041 band excited by A 2399-4. 


6. INFRA-RED SPECTRUM 


Infra-red absorption and reflection spectra of crystalline ammonium 
chloride have been studied by various workers, most of whom examined 
the 2-7 region. Rubens and Wartenberg (1914) were the only workers 
who studied the long wavelength region. They reported the existence of 
a strong reststrahlen frequency at 183 cm. corresponding to the principal 
oscillation of the ammonium chloride structure. Reinkober (1921) examined 
the infra-red spectrum of ammonium chloride by absorption and by reflec- 
tion and recorded three maxima corresponding to some of the principal 
internal oscillations of the NH, ion. Hettner and Simon (1928) who investi- 
gated the influence of the transition temperature on the absorption of ammo- 
nium chloride in the 2-8, region, found that the absorption maxima at 
1770 cm.-! in the warm chloride sharpened considerably and moved to 
1800 cm.-! as the temperature was lowered. A similar behaviour is exhibited 
by the Raman lines at 1710 and 1765cm.* Wilberg (1930) subsequently 
reported the existence of nine absorption maxima with frequencies varying 
from 1400 to 3100cm.-* Pohlmann (1932) has made a detailed investiga- 
tion of the infra-red absorption spectrum of thin layers of ammonium 
chloride at room temperature and at — 80°C. No less than 26 maxima 
at room temperature and 17 maxima at — 80°C. could be identified from 
absorption curves reproduced by Pohlmann. These lie in the region of fre- 
quencies in wavenumbers from 1380 to 3385. The frequencies of the various 
maxima have been estimated and those which correspond to the observed 
Raman shifts are entered in Table V. Those which are shown in italics 
appear prominently in the Raman spectrum and in the infra-red 
absorption spectrum. It is interesting to note that the totally symmetric 
oscillation of the NH, ion which appears very strongly in the Raman effect 
is recorded only as a weak maximum in infra-red absorption. The activity 
of all the frequencies of internal oscillation both in Raman effect and in 
infra-red absorption indicates that the vibrating NH, ion has not the full 
tetrahedral symmetry. According to Pohlmann’s data the 1400 and the 
1700 cm.-! bands exhibit fine structure at room temperature which is absent 
at 193° T. 


The fine structure in the 5-6 vibrational band of ammonium chloride 
appearing in the infra-red absorption has been resolved and studied in detail 
by Beck (1944). He recorded eleven peaks in the region 1608-1760 cm.' 
with an average separation of 15 cm.~* between any two neighbouring peaks. 
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TABLE V 





Low temperature Room temperature 





Raman (Author) ( Remeron Raman Infra-red 
85°T 193°T 


(Author) (Poh]mann) 





3395 3400 3380 3385 
3310 3335 
3285 3280 
3235 3247 
3141 3146 3146 3160 
3072 3080 
3048 3025 3041 3065 
2829 2860 2828 2854 
1790 1800 1780 1804 
1765 1777 
1716 1728 1710 1707 
1440 1443 
1420 1426 1419 1426 
1401 1409 1400 1412 




















The fine structure was attributed by Beck to the rotation of the NH, group 
in the molecule. The fine structure appeared practically unaltered at tempe- 
ratures down to — 20°C. There was a change between — 20°C. and 
— 45° C. and the altered fine structure persisted down to at least — 60°C. 
The observed fine structure should be attributed to torsional oscillations 
of the NH, ion rather than to free rotation. As the Raman shifts lying in 
the = 1700 region fall on the intense mercury triplet in the spectrum taken 
with 2536-5 excitation, it has not been possible to confirm or deny the 
existence of the fine structure in Raman effect similar to the one reported 
by Beck in infra-red absorption. 


In conclusion, the author wishes to express his grateful thanks to 
Prof. Sir C. V. Raman for his kind interest in the work. 


7. SUMMARY 


Using the A 2536-5 mercury resonance radiation as exciter, the Raman 
spectrum of ammonium chloride has been investigated in detail over the range 
of temperature from 85° T. to 395° T. The recorded spectra at all tempera- 
tures exhibit many more frequency shifts than those obtained by the pre- 
vious workers. The present study reveals the following facts: 


(1) The Raman spectrum in the region of frequency shifts 90-200 cm.-* 
exhibits seven lattice lines, the frequency shifts and intensities of which show 
marked variations with temperature. These lines have been identified as 


the fundamental modes of vibration of the cesium chloride structure, in 
A8 





448 R. S. Krishnan 


which the NH, ions oscillate as units, as demanded by the new crystal 
dynamics. 


(2) The lattice spectrum persists far above the transition temperature. 
This fact indicates that Pauling’s hypothesis that there is onset of free rota- 
tion of the NH, ions immediately above the transition temperature is not 
correct. 


(3) The internal oscillations of the NH, ions exhibit nine distinct Raman 
shifts, showing thereby that these oscillations are not those of a freely vibra- 
ting tetrahedrally symmetric group. 


(4) The spectra recorded at all temperatures reveal the presence of 
Raman shifts characteristic of HCl and NH, molecules. 
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DESCRIPTION OF PLATES 


PLATE XV 
. 1. @ Spectrum of the mercury arc taken with a Hilger medium quartz spectrograph. 
(6) Raman spectrum of ammonium chloride taken at 308° T. 
(c) Its microphotometer record. 
PLATE XVI 
. 3. @ to (g) Lattice spectrum of ammonium chloride. 
(h) Comparison spectrum of the mercury arc. 
Pirate XVII 


. 2. (@ Spectrum of the mercury arc. 
(6) Raman spectrum of ammonium chloride taken at 85° T. 
(c) Its microphotometer record. 


PLaTe XVIII 


. 5. Complete Raman spectrum of ammonium chloride taken with the medium quartz 
spectrograph. 
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1. INTRODUCTION 


A stupy of the Raman effect in alumina is of much theoretical interest as 
its vibration spectrum plays an important role in the luminescence and 
absorption spectra of minerals in which alumina forms the ground 
material. Hibben (1932) who was the first to examine the spectrum of 
alumina reported the existence of four weak Raman lines. However, the 
values of the frequency shifts given by him were not in agreement 
with those reported by the later investigators. In order to find an 
explanation for the numerous bands appearing in the luminescence and 
absorption spectra of ruby, Deutschbein (1932 6) photographed the Raman 
spectrum of alumina. He could observe only a single Raman line at 415 cm> 
Besides confirming the result of Deutschbein, Miss Mani (1942) reported 
the existence of an additional line at 376cm.-!_ In a subsequent unpublished 
investigation, the same author recorded other faint lines in the spectrum of 
alumina besides the two already reported, among which two with frequency 
shifts 752 and 633cm.-1 appeared most definite. Both Deutschbein and 
Miss Mani employed the A 4046 and A 4358 radiations of the mercury arc 
for exciting the Raman spectrum of alumina which is comparatively very 
feeble. It is not surprising therefore to note that no spectrograms have 
been reproduced by these authors. Moreover, the results obtained by them 
are far from being complete, for, from group theoretical analysis, Bhaga- 
vantam has shown that alumina should have seven Raman active frequencies. 
In view of this, it appeared desirable to re-examine the Raman spectrum of 
alumina using a more powerful technique than the one employed by the 
earlier workers. A detailed study of the scattering of light and the Raman 
effect in alumina has therefore been made using the A2536-5 mercury 
resonance radiation as exciter, and valuable results have been obtained. 
A preliminary report of the same has appeared in Nature (Krishnan, 1947). 
Further details are presented in this paper together with a discussion of the 
significance of the results in relation to the luminescence spectrum of ruby. 
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2. EXPERIMENTAL DETAILS AND RESULTS 


While attempting to record the Raman spectrum of colourless synthetic 
alumina using the A 2536-5 radiations, Roop Kishore (1942) found that the 
sample acquired a yellow colouration and became phosphorescent emitting 
a green radiation for a long time. The sample which was transparent to 
the 2536-5 radiations before the exposure, became practically opaque after- 
wards. Although the present writer confirmed the observations of Roop 
Kishore, it was found that certain specimens of synthetic alumina did not 
become coloured and opaque under ultra-violet irradiation. A large boule 
of synthetic alumina presented to Sir C. V. Raman by the Linde Air 
Products Co. of New York, belonged to this variety and was therefore chosen 
for the present study. It was in the form of a cylinder (6 cm. long and 2 cm. 
in diameter) with one end flat and polished and the other end tapered. The 
boule was clamped horizontally and was illuminated through the side. The 
scattered light emerging through the flat end was focussed on the slit of 
the spectrograph. 


Doppler-shifted or Brillouin Components.—Fig. 1(b) represents the 
spectrogram of the scattered light taken with a Hilger large quartz (El) 
spectrograph. A slit width of 0-04 mm. and an exposure of about 15 hours 
were used. Fig. 1(e) represents the spectrogram of the incident radiation 
after quenching with a mercury vapour filter. The doubling of the 2536 
line in the spectrum of the scattered light is clearly seen in Fig. 1 (5). The 
same effect is shown in the microphotometer record reproduced in Fig. 1 (c). 
The doubling is also clearly seen in the spectrogram taken with the medium 
quartz spectrograph and the microphotometer record reproduced in Fig. 1 (d) 
and (a). As is well-known, this doubling is due to a kind of Doppler 
effect arising from the selective reflection of the monochromatic light by the 
approaching and receding sound waves of thermal origin in alumina. The 
two components are termed as Doppler-shifted or Brillouin components. 
This is the first time that the existence of sound waves of thermal origin in 
alumina has been demonstrated experimentally. Because of the high value 
of the velocity of sound in alumina next only to diamond, it has been possible 
to record the Brillouin components directly using a quartz spectrograph of 
moderate power without any interferometric aid. 


The frequency shifts of the Brillouin components from the exciting line 
have been estimated as well as their widths. The mean shift is + 2-45 cm}, 
while the width of each component is of the order of 1-8cm-! Taking the 
refractive index of alumina to be equal to 1-8, the velocity of sound waves 
responsible for the Doppler shift has been evaluated from the well-known 
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Brillouin formula. The value comes to about 7300 meters/sec. The angle 
of scattering was nearly 90° and the optic axis of the specimen lay in the 
plane of scattering equally inclined to the directions of incidence and 
observation. Therefore, the calculated value of the velocity is for sound 
waves travelling along the optic axis. As only one pair of broad Brillouin 
components is recorded, it is not possible to say whether the transverse and/or 
longitudinal sound waves were effective. Since the incident light had 
necessarily to be a convergent beam in order to shorten the time of exposure, 
there was a finite range for the angle of scattering 9 round a mean value of 
90°. Besides, the velocities of sound waves change with direction in the 
crystal. All these factors have tended to broaden the components and to 
mask their structure. 


No direct determination of the sound velocities in alumina exists for 
comparison with the value obtained by the optical method. Even the 
measurements of the elastic constants of alumina are very scanty. Only 
the elastic constant along the optic axis has been determined. The order 
of magnitude of the sound velocity has therefore been computed from a 
knowledge of the density p and the elastic constant E, of alumina along the 


optic axis using the approximate formula v= af Ey where v;= velocity of 
p 


longitudinal sound waves. Putting E=5 x 10’? dynes/cm.? and p= 4, 
the calculated value of the velocity is roughly 11,000 metres/sec. This is 
definitely higher than the value calculated from the mean shift of the 
Brillouin components. A possible explanation for this discrepancy is that 
each one of the Doppler shifted components is an unresolved combination 
of components arising from the longitudinal and transverse sound waves 
inside the medium and therefore the velocity calculated from the mean fre- 
quency shift should represent the mean of the velocities of the longitudinal 
and transverse sound waves. The value calculated from the elastic con- 
stant is for longitudinal sound waves. 


It is interesting to compare the intensity of thermal scattering in alumina 
with that in diamond. For a depth of illumination equal to half a centimetre, 
the Brillouin components in diamond could be photographed with reason- 
able intensity in two minutes using the medium quartz spectrograph. In 
the case of alumina, on the other hand, for a depth of illumination of about 
2 cm. in order to photograph the Brillouin components with the same inten- 
sity as in diamond, an exposure of two hours had to be given. This gives an 
idea about the extreme feebleness of the scattering in alumina. Unlike in 
diamond, the Brillouin components in alumina are more intense than the 
brightest Raman line (417 cm.-") of alumina (see Fig. 2 a). 
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Raman Spectrum.—The Raman spectrum of alumina taken with the 
medium quartz spectrograph and an exposure of one day is reproduced in 
Fig. 3 (a) together with a comparison spectrum of the mercury arc (Fig. 3c). 
The spectrum exhibits seven Raman lines. Their positions are indicated in 
the Figure along with the frequency shifts in wave numbers from the exciting 
line. The Raman lines are listed in Table I together with rough estimates of 


their relative intensities. 
TABLE I 


Raman Spectrum of Alumina 





Frequency Relative 
shift incm.~! | intensity 


Miss Mani 
(1942) 





375 sharp 
417 sharp 
432 broad 
450 sharp polarised 
578 sharp polarised a 
642 broad depolarised 633 
751 | broad | polarised 752 
| 

The lines with frequency shifts 375, 417 and 642 cm.— fall on or adjacent 

to the mercury lines A 2561-2, A2563-9 and A2578-4 respectively. But 
there is no difficulty in identifying them as two of them appear prominently 
on the anti-Stokes side, while the existence of the third is made certain by 
comparing the scattered spectrum with the spectrum of the direct arc. The 
Raman lines are clearly seen in the spectrogram taken with the large quartz 


El spectrograph and reproduced in Fig. 2 (a). 


depolarised 376 
depolarised 412 
depolarised ee 


Nature | Polarisation 
| 
| 























In order to determine the polarisation characteristics of the Raman 
lines for incident unpolarised light, a quartz double image prism with its axes 
horizontal and vertical and an ultra-violet transparent nicol with its principal 
plane inclined at angle of 45° to the vertical were interposed in the path of 
the scattered beam between the crystal of alumina and the condensing lens. 
The optic axis of the crystal was nearly parallel to the direction of observa- 
tion. The resulting spectrogram is reproduced in Fig. 3(b). The lines 
with frequency shifts 450, 578 and 751 appeared with greater intensity in 
the vertical component, indicating thereby that these lines are polarised, 
while the remaining ones are depolarised. 


3. THE INFRA-RED SPECTRUM 


Studies on the infra-red absorption and reflection spectra of alumina 
are very scanty. Coblentz (1908), who was the first to investigate the case, 
reported three maxima in selective reflection at ll, 11-8 and 13-54 
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corresponding to the frequency shifts of 909, 847 and 741 cm. Strong 
(1931) who investigated the reflectivity of alumina for specific wave-lengths 
in the region 20-150 u, deduced three reflection maxima, a very strong one 
at about 23, (434cm.—!), a broad and less intense one between 27, and 
29-5 and a very weak one at about 52 (192cm.—'). Recently, Parodi 
(1937), while examining the transmission of oxides in the far infra-red, 
reported the existence of three maxima of absorption in corundum at 30-5, 
(328 cm.-), 41 » (244 cm.-*) and 51-5 (194cm.-"). As reflections are gene- 
rally observed on the shorter wavelength side of the corresponding absorp- 
tion, it is reasonable to assume that the reflection peak between 27» and 
29-5 reported by Strong and the absorption at 30-5 reported by Parodi 
are due to one and the same mode of oscillation of the lattice. Taking this 
into consideration, one observes in all six infra-red frequencies at 194, 244, 
328-355, 434, 847 and 909 cm.-!_ The values are only approximate as some 
of them represent positions of reflection maxima. The reflection maximum 
at 13-5 (741 cm.-*) may be assigned as the octave of 375cm. A detailed 
study of the infra-red absorption spectrum of alumina using thin specimens 
is desirable. 
4. DISCUSSION OF RESULTS 


The crystal structure of alumina is similar to that of calcite, the space 
group being D®,,. The unit cell is a rhombohedron containing two mole- 
cules. A group theoretical analysis of the normal modes of oscillation of 
the alumina lattice has been carried out by Bhagavantam and Venkatarayudu 
(1939). The main results are summarised in Table IT. 

| TABLE II 

P = permitted to appear ; F = forbidden. 





| 
No. of . ; bed 4 Aa 
| Modes Raman | Infra-red | Observed frequencies in cm. 





578, 751 
244, 847 


194, 328-355, 434, 909 
375, 417, 432, 450, 642 
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Of the 18 normal modes of oscillation with distinct frequencies, 7 are per- 
mitted to appear in Raman effect, 6 in infra-red absorption and the rest 
inactive in both. Consequently, there will not be any coincidence between 
the Raman and infra-red frequencies. Of the seven Raman-active fre- 
quencies, two come under the symmetric class and the rest under degenerate 
class. It is satisfactory to note that the Raman spectrum of alumina exhibits 
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seven frequency shifts in accord with the theoretical work of Bhagavantam 
and Venkatarayudu. Taking into consideration the state of polarisation 
and intensities of the Raman lines, the frequency shifts 578 and 751 cm. 
have been assigned to class A, and the rest to class E,. Provisional assign- 
ments have also been made for the six infra-red frequencies. Further detailed 
assignment of the frequencies to the particular mode or modes contemplated 
by Bhagavantam and Venkatarayudu has not been made for two reasons. 
Firstly, data on the dependance of the Raman lines on the crystal orientation 
are lacking and secondly, the dynamics of the system has not been fully 
worked out. 
5. LUMINESCENCE SPECTRUM OF RUBY 


The foreging results are of interest in relation to the luminescence and 
absorption spectra of ruby which, as is well-known, is crystalline alumina 
with chromic oxide impurity present as a colouring agent. Ruby is one 
of the most frequently examined substance in luminescence studies. The 
earliest investigations were those of du Fay (1724), Boisbaudran (1887), 
Crookes (1887, 1889), Miethe (1907), du Bois and Elias (1908), Becquerel 
(1907, 1910, 1911) and Mendenhall and Wood (1915). Recently, the subject 
has been studied by Deutschbein (1932 a, b, 1934), Venkateswaran (1935), 
Thosar (1938, 1941, 1942, 1944) and Miss Mani (1942). The investigations 
of Deutschbein and of Miss Mani were carried out with some thoroughness. 
As Deutschbein worked at liquid air temperature also, detailed reference 
is made here to the results reported by him. The emission and absorption 
spectra of ruby at 20°C. and — 195°C. are schematically represented in the 
accompanying chart (Fig. 4) which is taken from Deutschbein’s (1932 a) 


paper. 


The main features can be summarised as follows :—At room temperature, 
the luminescence spectrum consists of two sharp and intense lines 6927 
and A 6942 respectively, accompanied by other bands of varying width and 
intensity both on the longer and shorter wave-length sides of the principal 
doublet. These extend from A 6583 to A 7921. At liquid air temperature, the 
bands on the shorter wave-length side of the principal doublet disappear 
completely from the fluorescence spectrum. At low temperatures there is 
no correspondence between the fluorescence and absorption bands except 
in regard to the principal doublet and a few fairly sharp companion lines 
appearing on the longer wave-length side of the principal doublet and extend- 
ing up to A 7049. 


It is now an accepted fact that the electronic transitions of the triply 
ionised chromium ions are responsible for the two principal intense lines 
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Chart showing the emission and absorption spectra of ruby reproduced from 
Deutschbein’s paper (1932). 


V.B = vibrational bands, E.B = electronic bands. 

at A 6927 and A 6942, as well as the fainter lines in the region A 6927-7049 
appearing at the same position in luminescence and absorption. Regarding 
the origin of the bands which lie on either side of the group of electronic 
bands (A 6927-7049), Deutschbein was the first to suggest that these might 
arise from the combination of the vibration frequencies of the alumina 
lattice with the electronic transitions of Cr+**+ ions. As he observed only 
one Raman shift (412 cm.—), he explained the fluorescence band at 7138 A.U. 
as due to this frequency. Miss Mani (1942), who reported four Raman lines, 
satisfactorily accounted for eight of the vibrational fluorescence bands on 
the Stokes and anti-Stokes sides of the principal doublet as due to the modu- 
lation of the electronic transitions by the crystal lattice vibrations. As the 
author has succeeded in recording the complete Raman spectrum of alumina, 
it is now possible to give more complete and satisfactory assignments for 
most of the vibrational bands of ruby than had been done by the earlier 
workers. Table III gives the list of all the vibrational bands observed by 
Deutschbein both in absorption and emission at — 195°C. The bands at 
\ 6596, A6680 and A6694 appearing in absorption spectrum have been 
omitted from the table as there are no corresponding bands in the lumines- 
cence spectrum. 


On the basis of the seven Raman frequencies listed in Table I, 8 absorp- 
tion bands on the anti-Stokes side of the principal doublet and 13 lumines- 
cence bands on the Stokes side have been quantitatively accounted for. The 
corresponding assignments are given in Table III. It is interesting to note 
that while the more intense principal line R, (A 6933-7) of chromium is res- 
ponsible for the majority of the vibrational bands, there are some bands 








TABLE III 





Vibrational Bands of Ruby appearing in Luminescence and Absorption 
Spectra at — 195°C. 






























































Emission 
| Wave Shift in Shiftin {Assignments 
o hes a number | Intensity | Width |cm.~! from A) cm.~ from | from lattice 
0» U. in cm.~ | 6933-7, R, [4 6919-8, R.| spectrum 
Absorption 
1 6574-5 15208 5 10 | 761 | 751 R 
2 6586-1 15179 6 10 761 751 R 
3 6620 15101 2 10 683 Yo 
4 6640 15056 2 45 638 642 R 
5 6654 15025 2 10 578 578 R 
6 6672 14984 4 8 566 | 578 R 
1 6688 14948 3 s 530 Ys 
8 6707 14906 2 10 488 | Va 
9 | 6729 14858 1 10 411 | 417R 
10 6744 14825 2 10 407 417R 
il 6757 14796 2 10 378 | 377R 
12 6768 14771 2 10 353 | Y% 
13 6790 14724 1 10 306 Vs 
14 6807 14686 1 10 268 | V4 
15 6823 14652 1 10 234 vs 
16 6854 14586 2 8 | 168 Ys 
17 | 6866 14561 3 6 143 rs 
t 
6919-8 14447 oe 7 3 Principal line R, 
6933-7 | 14418 10 | 4 Principal line Ry 
— 
1 7001-8 14278 4 | 3 140 4 
2 7012-5 14256 ad 3 162 Ye 
3 7058-2 14164 . os 254 | vs 
4 7067-4 14146 1 10 273—Ci| % 
5 1075+7 14129 1 10 239 | 2Qy5 
6 7082 14116 0 8 302 | Vs 
7 7105 +2 14070 1 1 377 375 R 
8 7110-6 | 14060 1 a, 358 ve 
9 7120-0 | 14041 3 8 | 377—s| 375 R 
10 7124-3 | 14033 2 e | | 414 417 R 
1l 7131-6 14018 l 8 | | 427 | 432R 
12 7139-6 14003 3 oo!) a | | 417R 
13 7145-9 13990 2 | 428 432 R 
14 7161 +3 13960 2 12 458 450 R 
15 7178 +1 13928 2 9 491 | ve 
16 7196 13893 2 10 525 Ys 
17 7211 13863 2 10. | | 584 578 R 
18 7231 13825 2 10 | 593 578 R 
19 7245 13799 1 10 | | 648 642 R 
20 7260 13770 2 i4 648 642 R 
21 7279 13735 2 | a |} Ye 
22 7303 13689 2 12 158 751 R 
23 7318 13661 2 le 757 | 751 R 
24 7346 13609 2 4 809 | V0 
25 7404 13503 1 20 915 | a4 
26 7428 13458 1 20 960 | 375 +578 R 
27 71452 13415 3 10 =| = =1008 417+578 R 
28 7494 13340 1 is: | | 1107 
29 7814 13304 1 i - | we 
30 7538 13262 2 18 | 1156 2x 578R 
31 7595 13163 2 50 1255 | 
32 7627 13108 1 20 1310 
33 | 7649 13070 1 18 
34 7669 13036 3 18 1382 1377 642+751 R 
35 7709 12968 3 15 1450 
36 7739 12918 2 20 1500 2x 751 R 
37 7770 12866 1 40 1552 
38 7890 12670 1 60 1748 
7926 12613 1 1805 







































R in column 8 represents that the particular frequency shift is observed in Raman spectrum. 
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which arise from the modulation of the less intense principal line R, (A 6919-8), 
As is to be expected, the bands arising from the latter are less intense than 
those arising from the former. More or less perfect mirror image symmetry 
about the principal line R, (A 6933-7) holds for the 9 bands A 6866, 6854, 
6823, 6807, 6790, 6768, 6707, 6688 and 6620 on the anti-Stokes side and for 
the :bands A 7001-8, 7012-5, 7058-2, 7067-4, 7082, 7100-5, 7178-1, 7196 
and 7279 on the Stokes side. The corresponding vibrational frequencies 
are denoted by 1, v9, vg, V4, V5, MG» 7, ¥g and vy. The vibrational frequen- 
cies corresponding to the emission bands A 7346 and 47404 are taken as 
Vyg aNd vy,. These eleven frequencies represent the remaining eleven normal 
modes of oscillation of the alumina lattice which include the six infra-red 
active frequencies also. As the values of the latter are not known accurately, 
no attempt has been made to assign some of the bands mentioned above 
as arising from the modulation by particular infra-red frequencies. v3, v¢, 
Vyg and v,,; may be identified with the infra-red frequencies 244, 328-355, 
847 and 909 cm.~? respectively. There is a group of 14 bands appearing 
on the Stokes side in the region A 7428-7926 which are yet to be accounted 
for. There are no corresponding bands in the absorption spectrum. A 
possible explanation for the appearance of these bands is that they arise 
from the modulation of the electronic transitions of Cr+++ ions by some of 
the octaves and combinations of the vibration frequencies of the alumina 
lattice. Some of the more obvious assignments are indicated in column 8 
of Table III. 


In fluorescence and absorption, the lattice vibrations appear as diffuse 
bands and not as sharp lines. This is true even at low temperatures. The 
broadening can be explained on the basis that the loading of the lattice by 
the chromium jons gives rise to a perturbation of the vibrational modes. 
Part of the broadening may also be due to the fact that the principal electro- 
nic lines themselves have a finite width. 


In conclusion, the author is grateful to Prof. Sir C. V. Raman for the 
loan of the specimens of alumina used in the present investigation and also 
for his kind interest in the work. 


6. SUMMARY 


Using the A 2536-5 mercury resonance radiation as exciter, the scatter- 
ing of light in crystalline alumina has been investigated. The spectrum of 
the scattered light exhibits two Doppler-shifted components centred round 
the exciting line and seven Raman shifts. From the measured shift of the 
Doppler components the velocity of sound in alumina has been estimated. 
The appearance of seven Raman lines is shown to be in accord with the 
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theoretical work of Bhagavantam and Venkatarayudu. The numerous 
bands appearing on both sides of the principal fluorescence doublet of ruby 
have been satisfactorily explained as arising from the combination of the 


vibration frequencies of the alumina lattice with the electronic transitions of 
the chromium ions. 


REFERENCES 


1. Becquerel, J. 


Bhagavantam, S., and 


Venkatarayudu, T. 


Boisbaudran 
Coblentz 
Crookes, W. 


Deutschbein, O. 


du Bois and Elias 

du Fay 

Hibben, J. H. 
Krishnan, R. S. 

Mani, A. 

Mendenhall and Wood 


Phys. Zeits., 1907, 8, 932; 
C. R., 1910, 151, 859; 1911, 152, 183. 
Proc. Ind. Acad. Sci., A, 1939, 9, 224. 


C. R., 1887, 106, 452. 

Investigations, 1908, 5, 17, 34. 
Chem. News., 1887, 55, 251; 56, 59. 
Nature, 1889, 39, 542. 

Ann. d. Phys., 1932, 14, (a) 713, (6) 729. 
Phys. Zeits., 1932, 33, 874. 

Zeit. f. Physik., 1932, 77, 490. 

Ann. d. Physik., 1934, 20 828. 

Ibid., 1908, 27, 233. 

Hist. de l’acad. Roy. Paris, 1724. 
Proc. Nat. Acad. Sci., 1932, 18, 535. 
Nature, 1947, 160, 26. 

Proc. Ind. Acad. Sci., A, 1942, 15, 52. 
Phil. Mag., 1915, 30, 316. 


Meithe .. Verk. d. Deutsch. Phys. Ges., 1907, 9, 715. 


Parodi, M. .. C.R., 1937, 205, 906. 

Roop Kishore .. Proc. Ind. Acad. Sci., A, 1942, 16, 36. 
Strong, J. .. Phys., Rev., 1931, 38, 1818. 

Thosar, B. V. .. Phil. Mag., 1938, 26, 878. 

ee .. Phys. Rev., 1938, 54, 233; 1941, 60, 616. 


.. Journ. Chem. Phys., 1942, 10, 246; 1944, 12, 424, 
Venkateswaran, C. S. .. Proc. Ind. Acad. Sci., A, 1935, 2, 459. 


DESCRIPTION OF PLATES 


Pate XIX 
Fig. 1. (d) and (a) the spectrum of the scattered light in alumina taken with the E3 spectro- 
graph and its microphotometer record. 
(b) and (c) the same taken with the E1 spectrograph and its microphotometer record. 
(e) and (f) mercury spectrum taken with the E1 spectrograph and its microphoto- 
meter record. 
Fic. 2. (a2) Raman spectrum of alumina taken with the E1 spectrograph. 
(b) Comparison spectrum of the mercury arc. 


PLATE XX 


Fic. 3. (a) Raman spectrum of alumina taken with the E3 spectrograph. 


(b) The same taken with a double image prism and a nicol in the path of the 
scattered light. 


(c) Comparison spectrum of the mercury arc. 
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1. INTRODUCTION 


THe Raman spectrum of topaz was first photographed by K. S. Krishnan 
(1929) who reported only a single feeble Raman line with a frequency shift 
of 1053cm.-! Nisi (1929) working with a clear crystal of topaz recorded 
two Raman lines. In a subsequent investigation, Nisi (1932) observed no 
less than 11 Raman lines including one with a large frequency shift, viz., 
3647 cm.-! He further showed that interchanging the direction of observa- 
tion and illumination did not affect the relative intensities of the Raman 
lines which were generally influenced by both directions. Kopcewicz (1937) 
studied the influence of temperature on the Raman lines of topaz over the 
range from 20°C. to 500°C. Even by giving exposures of the order of 100 
hours, Kopcewicz recorded only five Raman lines. He noticed that with 
increase of temperature the low frequency lines shifted towards the exciting 
line proportionately much more than the high frequency lines. 


Judging from the complicated structure of topaz, (AIF, OH),SiO,, it 
appeared that the results obtained by the above-mentioned authors are 
obviously incomplete. This is due to the feeble scattering power of topaz 
and also to the fact that the earlier workers used the A 4046 and A 4358 radia- 
tions of the mercury arc for exciting the Raman spectrum. It appeared 
likely that the use of the intense A 2536-5 mercury resonance radiation as 
exciter would yield a more satisfactory Raman spectrum for the substance. 
This hope has been realised and the results obtained are presented in this 
paper together with a satisfactory explanation of the luminescence of topaz. 


2. RESULTS 


While examining different specimens of topaz, it was found that only 
colourless samples are transparent to the A 2536-5 radiation. A colourless 
specimen of topaz from a large collection of Ceylon gems presented to 
Sir C. V. Raman by Mrs. Jayawardane, was available for the present investi- 
gation. It was in the form of a prolate spheroid about 1” long and 3” thick. 
The edges were flattened and polished. Both the Hilger medium and 
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large quartz spectrographs were employed for photographing the spectrum. 
In order to determine the frequency shifts of the lines an iron arc com- 


parison spectrum was taken in all cases, partially overlapping the Raman 
spectrum. 


TABLE I 
Raman Spectrum of Topaz 





Author (1947) 
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Photographs of the Raman spectrum of topaz taken with the medium 
and large quartz spectrographs are reproduced in Figs. 1 (5) and 2 (bd) res- 
pectively. Using a fairly fine slit (0-05 mm.), exposures of the order of 36 
hours were given when working with the medium spectrograph, while 
exposures of the order of 6 days were necessary for the bigger instrument. 
Figs. 1 (a) and 2 (a) represent the photographs of the mercury arc spectrum. 
The Raman spectrum of topaz exhibits 30 lines and 2 bands the frequency 
shifts of which together with the relative intensities are tabulated in Table I. 
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Fic. 3. The microphotometer record of the Raman Spectrum of topaz taken with the Hilger large quartz (El) spectrograph 
Note.—The fogging very near the exciting line is due to inefficient filtering. 





Raman Effect in Topaz & Its Relation to Luminescence Spectrum 463 


The frequency shifts of the Raman lines reported by Nisi (1932) and by 
Kopcewicz (1937) are also included. About twenty Raman shifts have 
been recorded for the first time. The positions of the lines are marked in 
the figures. Some lines form closely spaced doublets. They are not easily 
discernible as distinct lines in the reproduced photographs. They are, 
however, more clearly identified in the microphotometer record reproduced 
in Fig. 3 above. The line with the frequency shift 934cm.~' is the most 
intense one in the whole spectrum. The 3649cm.—! line which was first 
reported by Nisi is extremely sharp and is followed by a weak companion 
on the shorter wave-length side. The low frequency lines are in general 
sharper than the lines in the high frequency shift region. This generalisa- 
tion is not applicable to the lines 3636 and 3649 cm.-! The existence of a 
feeble line at about 1056 cm. reported by K. S. Krishnan and Kopcewicz 
has not been confirmed in the present investigation and consequently it is 
omitted from Table I. 


3. INFRA-RED SPECTRUM 


The infra-red spectrum of topaz was first investigated by Coblentz (1908) 
who reported the appearance of three reflection maxima at 9-9, 10-45 
and 11-Ow respectively. Schaefer, Matossi and Wirtz (1934) studied the 
infra-red reflection spectra of several silicates including that of topaz. They 
reported the existence of thirteen reflection maxima the corresponding wave- 
lengths being 9-9, 10-44, 10-75, 11-15, (15-00), 15-35, (15-60), 17-10, 18-20, 
18-96, 21-0, 21-8 and 25-2. Those given in brackets are doubtful. The 
frequencies in wavenumbers of the ten reflection maxima are entered in 
column 6 of Table I. Those shown in italics correspond to the more 
prominent reflection maxima. It is interesting to note that those frequen- 
cies which appear strongly in infra-red absorption are recorded only with 
feeble intensity in the Raman spectrum. The agreement between the 
observed Raman and infra-red frequencies can be taken to be satisfactory 
in view of the fact that the infra-red frequencies have been evaluated from 
positions of reflection maxima. Matossi and Brouder (1938) investigated 
the infra-red absorption spectra of several silicates including topaz in the 
short wave-length region. They have recorded 23 absorption maxima in 
topaz in the region from 7:4 to 1-45. All the infra-red frequencies 
appearing in this region except those corresponding to the sharp maxima 
at 2-9 (3405 cm.-'), 2-74 (3600 cm.~") and 2-6 (3850cm.—") have been 
assigned as combinations and octaves of the fundamental infra-red fre- 
quencies obtained by Schaefer, Matossi and Wirtz (1934) and entered in 
column 6 of Table I. The strong absorptions at 2-94, 2-78 and 2-6 
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have been explained by them as arising from OH bands appearing with great 
intensity. The frequency shift of the middle OH band, namely 2-78 
(3600 cm.-") coincides roughly with that of the Raman line at 3649 cm.-! 
Consequently the value is also entered in column 6 of Table I. 


4. DISCUSSION OF RESULTS 


The crystal structure of topaz has been analysed using the X-ray method 
by Leonhardt (1924), Pauling (1928) and Alston and West (1928). Topaz 
is regarded as dialuminyl difluoro-silicate (AIF),SiO,. The structure 
belongs to the orthorhombic class. X-ray investigations reveal that there 
are 4 molecules of (AIF),SiO, in each elementary parallelopiped. The 
structure is based upon a closest packing of oxygen atoms, though it is not 
one of the simple forms but a combination of the cubic and hexagonal closest 
packing. It is composed of linked octahedral groups around silicon as 
in other alumino-silicates. According to Bragg (1937), each alumina atom 
is surrounded by six atoms of which four belong to the SiO, group and the 
rest are fluorine atoms. It is suggested that in some specimens the F may 
be partly replaced by OH to form (AIF,OH), SiO,. 


It is clear from the above analysis that topaz possesses very low symmetry 
and that each unit cell contains a large number of atoms. Consequently, 
nearly all the numerous possible modes of atomic vibration should be active 
in the Raman effect and also in infra-red absorption. The experimental 
results fully support the above conclusion. The line at 3649 cm.-" is a 
genuine Raman shift as it is observed both with A 4046 and A 2536-5 excita- 
tions. This line should be attributed to the OH oscillation and its appear- 
ance in the Raman spectrum of topaz clearly suggests that the molecular 
structure is (AIF, OH),SiO, and not (AIF).SiO,. The recorded spectrum 
of topaz should exhibit the frequencies corresponding to all the nine charac- 
teristic modes of oscillation of the SiO, group which may not behave as a 
tetrahedrally symmetric group inside the crystal. A more complete and 
satisfactory interpretation of the Raman spectrum of topaz is not possible 


at present for want of full data on the Raman spectra of other complex 
silicates. 


5. RAMAN EFFECT AND ITS RELATION TO LUMINESCENCE 


The foregoing results on the Raman spectrum of topaz are of interest 
in relation to the luminescence exhibited by certain varieties of topaz. 
Deutschbein (1932 a) examined the emission spectrum of topaz containing 
chromium phosphors both at room temperature and at liquid-air tempe- 
rature (— 195°C.), The spectrograms taken by him have been schema- 
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Fic. 4. Chart showing the luminescence spectrum of ptoaz reproduced from 
Deutschbein’s paper 


tically represented in the accompanying chart (Fig. 4). At 20°C., the 
luminescence spectrum consists of two broad and intense lines 4 6791-7 
and A 6832-7, accompanied by five broad bands on the shorter wave-length 
side and seven bands of varying width and intensity on the longer wave- 
length side of the principal doublet. At — 195°C. the principal doublet 
sharpens and each of its components is accompanied by two secondary lines 
which are absent in the spectrum taken at 20°C. At these low temperatures 
the bands on the shorter wave-length side of the principal doublet disappear 
completely from the fluorescence spectrum, while those on the longer wave- 
length side become sharp and exhibit some structure. Deutschbein identi- 
fied 23 lines, each one of them being fairly broad. Their wave-lengths and 
frequencies as reported by Deutschbein are entered in Table II below. In 
a subsequent paper, Deutschbein (1932 b) explained the appearance of the 
principal doublet as due to the electronic transitions of the chromium ions 
present as impurity in the crystal. The 4 faint secondary lines accompany- 
ing the principal doublet on either side which are omitted from Table II 
have been ascribed by Deutschbein to an intra-molecular Stark effect. The 
principal electronic lines of Cr+++ are shifted towards shorter wave-length side 
by about 100 A.U. compared to those in ruby. Since the Stokes law was 
obeyed by the diffuse bands, Deutschbein suggested that they might arise 
from the superposition of the vibration frequencies of the ground material 
on the electronic transitions of the Cr+** ions. On this basis, he showed 
that the frequency shifts of the bands 47271 and 46917 from the principal 
line R, were of the same order of magnitude as the two Raman shifts 911 
and 260 cm.~ observed by Nisi (1929), which were the only ones known to 
exist at that time. 


As more complete data on the Raman spectrum of topaz are made 
available by the present investigation, it is possible to give satisfactory assign- 
ments for all the vibrational bands observed by Deutschbein. These are 
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TABLE II 


Emission Spectrum of Topaz at — 195° C. 





| | 
ial| —ac 
Serial] Wavelength SS, >. | Width in| “ —-, 
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6782-5 | 14739 
6824-9 | 14648 
6860 | 14573 
6873 14545 
6893 14504 
6903 14483 
6917 14454 
6936 14414 
6970 14344 
6985 14318 
7000 14282 
TWw12 14257 
7032 14217 
7045 | 14191 
7059 | 14163 
7080 =| ~—s«14120 
7102 14076 
7131 | 14020 
7162 13958 
7215 13857 
71255 13779 
7271 13750 
7288 13718 
7299 13696 
7332 13635 
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4 Secondary electronic lines appearing in the neighbourhood of the principal doublet have 
been left out from the table. 


indicated in Table II. As in the case of ruby, in topaz also, the most intense 
line of the principal doublet, e.g., 4 6824-9, is mainly operative in producing 
the vibrational bands. Taking into consideration the finite width of the 
bands, the agreement between their frequency shifts from the principal 
doublet and the observed Raman shifts of topaz can be considered as very 
good. The loading of the lattice by the chromium ions must give rise to a 
perturbation of the vibrational modes and this would explain the fact that 
in luminescence, lattice vibrations appear as diffuse bands and not as sharp 
lines. The broadening might also be due to the fact that the principal 
electronic transitions themselves are broad to the extent of about 10cm} 
and that the bands arising from the modulation of the principal line R, by 
certain lattice frequencies fall adjacent to those arising from the modulation 
of the principal line R, by other lattice frequencies. 
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It may be remarked that in luminescence and in the Raman effect, the 
vibrations of the crystal lattice are excited by entirely different mechanisms, 
and yet, as we have seen, there is complete correspondence between the fre- 
quency shifts of the vibrational bands appearing in luminescence and the 
Raman shifts of topaz. This result is very significant and has far-reaching 
consequences. According to the Born lattice dynamics, the appearance of 
sharp lines in the first order Raman spectrum of any crystal is explained as 
due to some kind of a selection rule which picks out only certain frequencies 
from the continuous vibration spectrum of the lattice. There is no reason 
to suppose that the same type of selection rule should be operative in 
luminescence also. In fact, the entire vibration spectrum should appear 
as a continuous band in emission without showing any fine structure of the 
kind actually observed. It follows therefore that what is actually recorded 
in luminescence and in Raman effect indicates the real nature of the vibra- 
tion spectrum, namely that it consists of a set of discrete frequencies. 


The author is grateful to Professor Sir C. V. Raman for the loan of the 
crystal of topaz and also for his kind interest in the work. 


6. SUMMARY 


The Raman effect in topaz has been investigated using the 2536-5 
mercury resonance radiation as exciter. The spectrum exhibits 32 Raman 
shifts of which no less than 21 have been recorded for the first time. The 
results obtained are discussed with special reference to the infra-red absorp- 
tion and luminescence spectra of topaz. The significance of the complete 
correspondence noticed between the Raman shifts and the frequency shifts 
of the vibrational bands in luminescence is pointed out. 
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DESCRIPTION OF PLATE 


PLATE XXI 
Fig. 1. (a) Mercury spectrum taken with the medium quartz E3 spectrograph. 
(6) Raman spectrum of topaz taken with the same instrument. 
Fic. 2. (a) Mercury spectrum taken with the large quartz E 1 spectrograph. 


(6) Raman spectrum of topaz taken with the same instrument. Fogging very near the 
exciting line is due to inefficient filtering. 
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1. INTRODUCTION 


IN a previous work (Ramanathan, 1946) the infra-red absorption spectra 
of four typical diamonds were investigated in the region between 750 and 
2200 wavenumbers. Due to the inadequate resolution of the spectrometer 
used, the curves reproduced there do not show much detail in the region 
between 1500 and 2200cm.—! The present work was therefore undertaken 
with a view to improve upon the technique and to examine as many cleavage 
plates of diamond as possible in the region of the spectrum 750-4000 cm.-? 
It was also the aim of the present research to investigate the local variations 
in infra-red absorption spectrum within its area of a typical specimen exhibit- 
ing patterns of luminescence and ultra-violet transparency. 


2. IMPROVEMENTS IN TECHNIQUE 


Since the author’s previous studies mentioned above, several improve- 
ments in technique have been made with a view to increase the resolving 
power of the instrument. To prevent undue heating of the surroundings, 
the original globar source was dispensed with and an ordinary incandescent 
filament source, enclosed in an aluminium box with an aperture for the exit 
of radiation, substituted. The dispersing device now being used is a 60° 
prism of rocksalt with refracting faces 2” by 14” in place of the 54° prism 
with 2” square faces previously used. Nearly a tenfold increase in the 
sensitivity of the Boy’s radiomicrometer has been achieved by the use of 
Hutchin’s alloys for the thermocouple and a fine quartz fibre for the suspen- 
sion. The instrument mounted on rubber shock absorbers on a heavy 
concrete platform inside an airtight chamber is very steady in quiet weather 
during which readings can be taken correct to a millimetre or two. The infra- 
red spectrometer was calibrated by employing the method described by 
Rawlins and Taylor (1929). The 5461 A radiation of the mercury arc and 
the CO, emission maximum at 4-38 from a Bunsen flame have been used 
as calibration wave-lengths. The procedure adopted for obtaining the 
absorption curves has already been described in the previous work. 
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3. RESULTS 


With the above arrangement, the infra-red absorption spectra of nine 
Cleavage plates of diamond have been investigated and the results obtained 
are described below. 


(a) The 1500-2700 Band.—This region comes first for consideration 
because all diamonds irrespective of their other physical properties exhibit 
a band in this region with a number of absorption maxima. In comparing 
the relative strengths of any absorption band in different diamonds, one 
has of course got to consider the thicknesses of the specimens. It is also 
necessary to take into account the small variations in transmission which 
may result from the slight curvature of its surfaces. Allowing for the discre- 
pancies resulting from these two facts, it is seen that the absorption band in 
this region shows no observable variations in strength or structure from 
diamond to diamond (see Figs. 1 to 9). . 
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All the diamonds without exception exhibit in this band two very strong 
absorption maxima centred at 2010 and 2170 wavenumbers and a third one 
at 2470 cm.! which is much weaker than the former two. In addition a 
number of step-like falls in absorption have been observed in many diamonds 
in this region. This feature appears in the curves reproduced for most of 
the diamonds and the effect therefore appears to be a genuine one. The 
step-like falls or inflexions are not so prominent in the curves of the thicker 
diamonds, while in the thinnest of them investigated, they are in a few cases 
even resolved into peaks of absorption, The approximate frequencies 
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Absorption Spectrum of N.C. 174 (162 mm. thick) 


Fig. x 


Absorption Spectrum of N.C.177 (0.88 mm. thick) 
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(b) The 750-1400 cm Band.—The variations in the intensity of this 
band are shown most strikingly by the series of curves reproduced for eight 
of the diamonds investigated (Figs. 1 to 8). The band is completely absent 
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in the diamonds N.C. 60 and N.C. 174 (Figs. 1 and 2 respectively) which 
after allowing for reflection of radiation from the two surfaces of a cleavage 


plate, are found to be completely transparent in the region between 750 and 
1400 cm! It is strongest in the weakly blue-fluorescent diamonds N.C. 175 
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B,, N.C. 74 and N.C. 73 (Figs. 3, 4, 5 and 6 respectively), somewhat weaker 
in the strongly blue-fluorescent diamond N.C. 79 and weakest in the diamond 
N.C. 110 exhibiting a yellow luminescence. The extent of variation in the 
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Absorotion Spectrum of N.C.79(1-20mm. thick) 
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Strength of the band can be appreciated from Table I which shows the co- 
efficient of absorption at three of the peaks in this band (1000 cm., 
1170 cm! and 1290 cm") together with those at the three peaks 
2010 cm.-', 2170 cm.-? and 2470 cm,-? shown for comparison, 
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TABLE [ 


Intensities of Absorption Peaks in Various Diamonds 































































































Catalogue Coefficient of Absorption at the various peaks (per cm.) 
Number of 
Di d 
— 1000 cm.-* | 1170 cm.-? | 1290 cm.-! | 2010 cm.-? | 2170 em.-? | 2470 cm.-? 
nig Rig i i 
N.C. 177 -e! 8-1 24-0 30-0 10-9 | 10-4 4-8 
B, oe} 5-8 17-6 18-0 10-4 | 9-5 4:8 
N.C. 74 1-6 10-2 15-7 10-6 | 9-7 4-2 
nC. 3-0 9°38 | 18-0 14°5 13.5 7-0 
N. C. 7 4-7 12-0 | 10-9 12-6 | 11-4 6-2 
Mi Cae os 2-1 6-6 5-3 12-8 11-9 5-1 
N.C. 175 (a) ee ee 1-6 12-2 10-9 5-1 
N. C. 175 (4) re te 0-7 11-8 10-4 4-9 
N. C. 60 ee 0-4 0-4 } 0-4 10-8 9-8 4-6 
N. C. 174 0-2 0-2 0-2 9-6 | 8-8 3-8 
‘z= | 
Absorption Spectrum of N.C.110 (0-81 mm. thick) 
.. 
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In comparing the intensities of any absorption band in various diamonds, 
one must take into account the optical imperfections of the specimens 
which increase the apparent coefficient of absorption in some cases. That 
such an increase is caused by the irregularities is obvious from the fact that 
in some diamonds the coefficient of absorption comes out higher for all the 
three peaks in the Sp band (1500-2700 cm") and if proportionately 
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decreased, they become equal to the values obtained for the other diamonds 
which are free from such imperfections. 
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The various absorption maxima observed in the previous work, are 
recorded here under better resolution. The inflexion at 1330 wavenumbers 
has also been observed in most of the diamonds exhibiting this band. 


The diamond N.C. 175 shows a pattern of luminescence and so has been 
used for investigating the spectral character of the local, variations. (a) and 
(b) denote respectively the luminescent and non-luminescent areas in the 
diamond. The remarkable changes observed in the absorption spectrum 
can be seen from Figs. 9(a) and (6). The non-luminescent area shows no 
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; 
absorption band in the region 750-1400 cm.-?__ A very weak band is howeve 
exhibited by the luminescent area, the structure of the band being essentially 
the same as in most other diamonds. 


(c) 27090-4000 cm region.—The absorption in this region is very 
weak. All the diamonds investigated exhibit some absorption bands, but 
due to the inadequate resolution of the rocksalt prism, the positions of the 
maxima could not be measured accurately. 


4. INTERPRETATION OF THE RESULTS 


In another paper appearing in these Proceedings (Ramanathan, 1947), 
expressions for the frequencies of the nine modes of atomic vibration in 
diamond have been derived in terms of 8 independent force constants. The 
frequencies used there in evaluating the constants, obtained from the most 
reliable spectroscopic data are contained in Table II below together with a 
description of the nine modes of vibration. 


TABLE II 


The Nine Fundamental Frequencies of Diamond 
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Sequence| racy Units oscillation Fre somes 
\Frequencies 
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cm.~1 
I 3 |The two lattices} Arbitrary 1332 
II 8 (111) planes 011] direction 1250 
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| IX “a 8 (111) ” 017 ” 620 
J alana RES SR eee ere eek a 




















From the table it can be seen that the absorption band appearing in the 
region 750-1400 cm. is due to the fundamental frequencies, the one at 
1500-2700 cm.— as due to second-order effects and the band at 2700-4000 cm! 
as due to third-order effects. We shall not deal with the third order band 
in this paper as the data available regarding it are very meagre. 


The two strongest absorption maxima appearing at 2010 and 2170 cm 
in the second-order band are obviously due to the octaves of the modes VII 
and V and VI with frequencies of 1008 and 1088 cm? respectively. The 
broad maximum around 2470 cm. whose doublet character is revealed in 
many of the curves, is evidently due to the octaves of modes II and III with 
frequencies of 1232 and 1250 cm.’ respectively, as also their summation. 
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In addition, an inflexion appearing at about 2300cm.-? has to be inter- 
preted as the octave of mode IV (1149 cm.-') which is not well resolved 
owing to its falling on the steep portion of a much stronger band at 
2170 cm! The inflexions appearing on the lower frequency side of 
2010 cm.-! can be interpreted as the combinations of the two low frequency 
modes with those having higher frequencies. 


If the various modes of vibration are dynamically independent of each 
other, then as pointed out in the paper referred to, mode I of Table II 
representing the fundamental lattice frequency should be inactive in the 
non-luminescent diamonds and active in others. The other modes II to IX 
should be inactive in all diamonds as fundamentals, due to the reversal of 
phase of the vibrations in the successive layers of atoms. Owing to an- 
harmonicity, however, there will be some coupling between the various modes 
as a result of which, the activity of the fundamental lattice frequency will 
be necessarily followed by the activity of all the other modes situated in the 
neighbourhood. The coupling between the various modes might also result 
in slight shifts of the absorption maxima as well as in the appearance of 
absorption in regions midway between two fundamental frequencies. The 
strong peak at 1290cm.—! situated midway between 1330 and 1250cm-* 
has probably such an origin. The rapid fall of intensity of the various peaks 
with increasing distance from mode I adds support to the above explanation 
of their appearance. The peak at 1375 cm! is the combination of modes 
VIII and IX of Table II, rendered active owing to its contiguity with the 
mode I. 


From the curves reproduced for the six diamonds exhibiting the first- 
order band, it will be seen that it is most striking in diamond N.C. 177 
which has got the feeblest blue luminescence and is characterised by the 
maximum homogeneity of structure. The diamonds in which the band is 
absent (N.C. 60 and N.C. 174, Figs. 1 and 2) are, on the contrary, characterised 
by inhomogeneities in structure and optical birefringence. The presence of 
the band in some diamonds and its absence in others is therefore to be attri- 
buted neither to the presence of impurities, nor to crystal imperfections, but 
to a deeper reason, viz., a fundamental difference in crystal symmetry, which 
is tetrahedral in one case and octahedral in the other. 


It is observed, however, that mosaicity of structure can influence an 
absorption band by giving rise to changes in its intensity distribution. In 
the absorption spectra of the strongly luminescent diamonds N.C. 79 and 
N.C. 110, the intensity distribution in the entire band is different from that 
for the other diamonds. The strongest peak in these two curves is the one 
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at 1170cm.? It will be seen from Table II that this frequency corresponds 
to the normal oscillation of the octahedral planes of atoms with the closely 
spaced layers moving with the same phase. If interpenetration of struc- 
tures having different crystal symmetry takes place in such manner that they 
appear as alternate finely spaced lamine parallel to the octahedral planes 
of the diamond, then the electric moment developed in neighbouring layers 
would no longer cancel out for mode IV (1149cm-') and mode VII 
(1008 cm.-?). It has been shown by Ramachandran (1946) that in most 
luminescent diamonds, interpenetration of the different structures takes 
place with the laminations parallel to the octahedral planes of the diamond. 
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SUMMARY 


The infra-red absorption spectra of nine cleavage plates of diamond have 
been investigated in the region of frequencies between 750 and 4000 cm. and 
their observed spectral behaviours have been elucidated. While the second- 
order spectrum is similar for all diamonds, the first-order spectrum shows 
large variations. From the nature of these variations it is concluded that 
the first-order activity is due neither to chemical impurities nor to mosaicity 
of structure, but must be attributed to the tetrahedral symmetry of structure 
possessed by such diamonds. 
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INVESTIGATIONS made at this Institute by Dr. P. G. N. Nayar (1942) and 
Miss Anna Mani (1944) have shown that valuable information regarding the 
vibration spectrum of diamond is furnished by the study of the emission 
and absorption spectra of specimens which exhibit a blue luminescence under 
irradiation. For this purpose, it is necessary to cool the diamond to liquid- 
air temperature and record the emission or the absorption spectrum, as the 
case may be, under adequate resolving power. The vibration spectrum is 
then recorded in association with an electronic transition appearing at 
A 4152, as a system of subsidiary bands at longer wavelengths in emission 
and at shorter wavelengths in absorption. Another system of vibration 
bands, not so well-defined, appears in association with an electronic line 
at A 5032 in the case of diamonds which give a yellow or green luminescence. 
Numerous spectrograms showing these effects have appeared in papers 
published earlier in these Proceedings. 


The principal line at 44152 is really a doublet, the separation of its 
components varying considerably with different specimens. Diamonds in 
which the components of the doublet are close together and sharp are 
naturally those most suitable for exhibiting clearly the discrete character of 
the vibration spectrum. Likewise, it is such diamonds which exhibit best 
the discrete structure of the vibration spectrum in absorption. It is necessary 
further to use a sufficient thickness for absorption. To obtain spectrograms 
capable of exhibiting the details clearly in a half-tone reproduction is largely 
a matter of photographic technique, and it cannot be said that the spectro- 
grams published earlier in these Proceedings have been wholly satisfactory 
in this respect. The spectrograms and microphotometer records reproduced 
with this note are, it is hoped, somewhat better and they are intended to 
serve as demonstrations of the nature of the vibration spectrum of diamond. 


Fig. 1 shows the emission spectrum of diamond reproduced as a negative 
together with a microphotometer record. The frequency shifts from the 
electronic emission at 44152 are also shown marked on the spectrogram 
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as well as on the microphotometer record. As shown in another paper 
appearing in these Proceedings (Ramanathan, 1947) there are eight distinct 
frequencies in the vibration spectrum. These are indicated against the 
microphotometer record. The two lowest, viz., 752cm.! and 620cm., 
are oscillations appearing in a region of frequency which is overlapped by 
the elastic vibration spectrum and is strongly perturbed thereby. They are 
therefore recorded as diffuse bands closely adjacerit to each other. This is 
also evident in the absorption spectra reproduced as Figs. 2 and 3 in the 
plate. The absorption spectra have been photographed with an “ inter- 
mediate’ quartz spectrograph. An instrument of greater dispersion and 
resolution would probably have been more satisfactory. The microphoto- 
metric record in Fig. 2(5) shows the two absorption lines at 1008 and 
1088 cm.-! which appear much more clearly as emission lines in Fig. 1. 

In conclusion the author is thankful to Sir C. V. Raman for his kind 
interest in the work. 

SUMMARY 
Photographs of the emission and absorption spectra of blue-lumines- 


cent diamonds together with their microphotometric records are reproduced 
showing the discrete structure of the vibration spectrum. 
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The Absorption Spectrum of Blue-Luminescent Diamond 
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Fig, 3 


The Absorption Spectrum of Blue-Luminescent Diamond 
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1. INTRODUCTION 


THE investigation of the possible modes and frequencies of vibration of the 
atoms in diamond about their positions of equilibrium is a necessary step 
for the interpretation of the Raman and infra-red spectra of this solid. Such 
an investigation is also essential for the interpretation of the emission and 
absorption spectra of luminescent diamonds at low temperatures and indeed 
also the other physical properties in which the vibrations of the atoms are 
involved. The spectroscopic behaviour of diamond has during recent years 
been thoroughly investigated at Bangalore by the several distinct methods 
mentioned above. In particular, the present author has recently carried out 
a detailed experimental study (1946, 1947) of the infra-red absorption spectra 
of numerous samples of diamond. It has accordingly become necessary 


to consider in some detail, the nature of the vibration spectrum of this sub- 
stance. 


According to the new theory of crystal dynamics recently put forward by 
Sir C. V. Raman (1943), the structure of diamond is capable of nine indepen- 
dent normal modes of vibration out of which the frequencies of two are the 
same, thus giving rise to a spectrum having eight numerically different vibration 
frequencies. Following Nagendra Nath (1934), Bhagavantam (1943) and 
Chelam (1943) have derived expressions for the frequencies of vibration of 
the various modes. But their treatment of the problem with three constants 
alone to represent the interatomic forces is inadequate. A more general 
and rigorous dynamical treatment of the problem is obviously called for, 
and this has been carried out in the present work on the lines indicated by 
Sir C. V. Raman in his theory of the dynamics of crystal lattices. 


2. DESCRIPTION OF THE MopEs 


The new theory of crystal dynamics leads to the result that the structure 
of a crystal consisting of p non-equivalent atoms in each unit cell is capable 
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of (24p—3) modes of vibration, out of which (3p—3) represent vibrations 
in which the dynamic repeating pattern is the unit cell of the crystal. The 
remaining 21p modes represent vibrations in which the dynamic repeating 
unit is a super-cell having twice the linear dimensions of the unit cell. In 
the case of a face-centred cubic lattice having one atom per unit cell, it can 
be shown that the normal and tangential oscillations of the octahedral planes 
of atoms and the normal and the tangential oscillations of the cubic planes 
of atoms having degeneracies of 4, 8,3 and 6 respectively, correspond to 
the 21 degrees of freedom representing the vibrations of the superlattice. 
In a case like diamond where there are two non-equivalent atoms in the unit 
cell, there are two possibilities corresponding to every one of the above four 
distinct modes of the face-centred cubic lattice, since the two non-equivalent 
atoms in the unit cell can now move either in the same phase or in opposite 
phases. In adddition, there will be one other frequency corresponding to 
the (3»—3) modes, having a degeneracy of 3 which represents the oscillation 
of the two interpenetrating lattices of carbon atoms against each other, thus 
making up a total of nine independent modes having degeneracies of 4, 4, 
8, 8, 3, 3, 6,6 and 3. However, because of the numerical equivalence of 
the frequencies of the two triply degenerate modes of the superlattice, there 
will be only eight distinct frequencies in the vibration spectrum. The 45 
degrees of freedom together with three transitions make up 48 which agrees 
with the number of degrees of freedom to be expected for the 16 atoms in 
a supercell having twice the linear dimensions of the unit cell. Table I 











TABLE [ 
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IX | 8 | Octahedral ,, Oll] | Same P+2Q+2R+4W-62-62 620 
































* See text for some explanatory remarks in these two cases. 


contains a full description of the nine normal modes of vibration arranged in 


a descending sequence of the magnitudes of their frequencies determined 
as explained later. 
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3. THE EQUATIONS OF MOTION 


Since in any particular normal mode of vibration of any conservative 
dynamical system, all the particles vibrate with the same frequency, it is 
enough, in our present case, if we consider the equation of motion of any 
one atom, in order to obtain expressions for the frequencies of vibration of 
all the different modes. It is necessary here to decide as to how many of 
the neighbouring atoms are to be taken account of in deriving the equations 
of motion of a particular atom. There can be no question that the influence 
of the neighbouring atoms decreases rapidly as we go to the more and more 
distant ones. There is therefore no reason why we should not confine our 
attention to a limited number of neighbours in framing the equations of 
motion of a particular atom. In the present treatment, we shall take account 
of the influence of 28 atoms nearest to the one under consideration, these 
falling into three groups comprised of 4, 12 and 12 atoms respectively, 
situated at the same distance from the particular atom. We shall suppose 
this latter to be situated at the origin of a Cartesian co-ordinate system having 
its three axes along the three cube directions. Also let the suffix 0 represent 
this atom in what follows. Then the four atoms (1 to 4) situated at the ends 
of the tetrahedral axes are the nearest neighbours. The point 0 is common 
to twelve cube faces, four of them parallel to YZ, four to ZX and the remain- 
ing four to the XY planes of the co-ordinate system. The twelve atoms at 
the face centres of these twelve cube faces (5 to 16) represent the next-nearest 
neighbours of atom 0. The positions of the twelve atoms (17 to 28) can be 
arrived at by the translations of the four nearest neighbours, by the length 
of the edge of the unit cube along x, y and z axes in positive or negative 
directions according as atom 0 is situated in positive or negative directions 
of the co-ordinate system with respect to these atoms. The co-ordinates of 
all the 28 neighbours in fractions of the length of the edge of the unit cube, 
are contained in Table II. 


Let x, y, z denote the displacements of the atom 0 and x;, y,, z;, the dis- 
placements of the 28 neighbours from their equilibrium positions at any 
instant of time t. Then, if m denotes the mass of the carbon atom, the three 
equations of motion of atom 0 are:— 


2 8 2 
m = —xF" = > x; F- + Sy, F™ + Ez; F (1) 
xo 1 ae yi 1 zi 
2 2 28 
my —y Fe =3'x,F° + By,F° + 2,F (2) 
yo 1 xi 1 yi 2 a 


d?z zo 28 p41) 28 zo bid 20 
= —— F = a i F = Z F a “4 
“— x0 ‘'., “eo 5 me @) 
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TABLE II 
Showing the Co-ordinates of the 29 atoms 





x | y | z Atom No. x | 
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Fee, Fve and Fee are the restoring forces along the three directions for unit 
displacements of atom 0. The contribution by any atom to each of the 
above three equations consists of three different terms. The three terms on 
the right hand side of equation (1) represent the forces produced in the x 
direction on atom 0, due to displacements of atom i in the x, y or z direction 
respectively. Similarly the terms on the right hand side of equations (2) 
and (3) represent the forces along the y and z directions respectively due to 
x, y and z displacements of atom i. Since the summation is to be carried 
out over all the 28 neighbours, the three equations contain (28 x 9 + 3) 
= 255 force components. Actually, however, the number of independent 
force constants appearing in the equations is reduced considerably by 
reason of the high degree of symmetry of the crystal. The exact manner in 
which this reduction is carried out is described below. 





It is well known that every crystal by virtue of its symmetry is character- 
ised by a set of symmetry operations which have the property of transforming 
the entire crystal into itself. In what follows, we shall deal only with sym- 
metry operations which leave the position of atom 0 unchanged. This res- 
triction is essential because we are concerned here with the forces produced 


at the point 0 due to displacements of the neighbouring atoms. Any sym-~ 


metry operation can now result only in the interchange among themselves 
of the individual groups of atoms (4, 12 and 12) which are equidistant from 0. 
All the atoms of each such group belong to one or the other of the two inter- 
penetrating lattices of carbon atoms. It is also easy to see that digonal 
rotations about the three cubic axes passing through 0 and reflections in the 


~~ —_a wn pee oe ee aelCUlCOU 
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six planes of symmetry containing atom 0 and belonging to the tetrahedral 
group of operations, are sufficient to enable us to bring into coincidence 
any atom of a particular group with any other atom’ of the same group. 


In the general case of interaction between any two atoms, there will be 
nine force-components as mentioned above, because corresponding to each 
one of the three displacements of one of the atoms, there will be a compo- 
nent of the force produced along all the three directions on the second atom. 
In order to illustrate the manner in which some of the force-components 
transform among themselves, we shall associate every.one of the neighbour- 
ing atoms of 0 with three vectors F,,, F,; and F,,; corresponding to the three 
displacements, and the atom 0 with three vectors F*’, F” and F® corres- 
ponding to the directions of the force components. Every force component 
will then be connected with two vectors, one corresponding to the direction 
of the force component on atom.0 and the other corresponding to the direc- 
tion of displacement of the atom producing the force. For example, the 
force component F#? is associated with the two vectors F”’ and F,;. If, 
by the application of a symmetry operation, the two vectors associated with 
a force component due to an atom i are transformed into the two vectors 
associated with a force component due to another atom /, then the magnitudes 
of the two force components will be the same. For instance, if the two 
vectors F” and F,; are transformed respectively into F” and F,,, then 
Fe = F# (in magnitude only). The two components have the same sign 
if by the application of the particular operation, the signs of both the vectors 
associated with one of the force components remain the same and also when 
both of them are reversed. If however, the sign of one of the vectors is 
reversed while the sign of the other remains the same, then the two force 
components will be of opposite sign. In this manner we can determine the 
relative signs of the force components due to a particular group of atoms. 
In order to fix the absolute signs of the components with respect to our co- 
ordinate system, we can consider those components having both their vectors 
along the positive directions or both along the negative directions of the 
co-ordinate system, to be negative. Obviously then, the force on any atom 
P which is proportional to its own displacement, for which the directions of 
the displacement and of the force are opposite wili be positive. 


In the case of diamond we find that in addition to the force P, the forces 
due to the displacements of the nearest neighbours of any atom can be repre- 
sented by two constants Q and R, of the next-nearest neighbours by five 
constants S, T, U, V and W, and of the atoms 19 to 28 by five constants 
a, B, y, 8 and «. A description of the 255 force-components appearing in 
the three equations (1), (2) and (3) is contained in Tables III, [V and V. 
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TABLE III 


Force-components acting in the x-direction on atom 0 





Atoms responsible for the forces, the directions 
































Symbol of their displacements being 

x | ¥ | “Fy | Zz “gy 
P 0 ee 
Q *+| Lto4 oe oe ee 
R 1,4 2,3 1,3 2,4 
S -| 5to 8 
T 5,8 6,7 5,7 6,8 
U --| 9 to 16 oe ee 
Vv 9, 12 10, 11 13, 15 14, 16 
Ww 13, 16 14, 15 9,11 10, 12 





a 
= 
had 
_ 
= 



































21, 22, 
24, 25, 
| 27, 28 
g es * 18,27 | 21,24 | 19,25 | 22, 28 
y a m 19,28 | 22,25 | 18,24 | 21,27 
3 ..| 17,020 
23, 26 
e % x 17,26 | 20,23 | 17,23 | 20, 26 | 





The exact manner in which the force-components are reduced to 13 
independent constants can be understood from these tables. Table III for 
example, describes the force-components acting on atom 0 due to all possible 
displacements of the 29 atoms capable of producing a force on atom O in 
the x-direction. The symbol at the head of each column in Table III de- 
notes the direction of displacements of the atoms which result in a force- 
component along the positive direction of the x-axis on atom 0. The 
symbol at the head of each row denotes the magnitude of the force per unit 
displacement. If we take for instance atom 12, the three X components of 
force on atom 0 due to x, y and z displacements of the former along the 
positive directions of the axes are :— 


Feo, = U, Fe, = V and Fe, = — 


viz 212 


The negative sign occurs in the last equation because it is seen from Table 
Ifl that the z-displacement vector of atom 12 is negative. Thus Table III 
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TABLE IV 
Force-components acting in the y-direction an atom 0 













































































Atoms responsible for the forces, the directions 
of their displacements being 
Symbol 
v —<£ y z —Z 

P oe 0 
Q ee ee oe lto4 
R 1,4 2,3 $e 1,2 3, 4 
S 9 to 12 oo 
ee 9,12 10, 11 a 9, 10 11, 12 
U 5to8a&@ ee 

13 to 16 
Vv 5,8 | 6,7 . | 18,16 | 15,16 | 
Ww 13, 16 14, 15 es 5, 6 7,8 
a ee oe ied 17, 19, 20, 

22, 23, 25, 

26, 28, 
B «| 17 26 20, 23 ee 19, 22 25, 28 
y ++] 19, 28 22, 25 oe 17, 20 23, 26 
8 oe oe ae 18, 21, 

24, 27 

e -.) 18, 27 21, 24 oy 18 21 24, 27 





directly gives us the values of the 85 x-components, Table IV the 85 y-compo- 
nents and Table V the 85 z-components of force acting on atom 0. The 
255 force-components being known, we can at once write down the equa- 
tions of motion of any normal mode of vibration, by substituting the proper 
displacements of the various atoms (taking care to insert the correct signs) 
involved in the particular normal mode. 


4. THE EXPRESSIONS FOR THE FREQUENCIES OF VIBRATION 


In order to express the frequencies of vibration of the different normal 
modes in terms of the force constants, it is necessary to substitute the dis- 
placements of the different atoms from the equilibrium configuration in any 
particular normal mode, in the three equations 1, 2 and 3 and solve them 
for the frequency. It should be borne in mind that the x, y and z displace- 
ments of any atom are numerically equal to the corresponding displacements 
of every other atom in the structure. The method of solution can be best 
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TABLE V 


Force-components acting in the z-direction on atom 0 





Atoms responsible for the forces, the directions 






















































































Symbol of their displacements being 

rs Es ow ee 

| P | | oe ee | | 0 

| Q +} | * | z | = lto4 

R ee ue | 12 | 34 | 
S .| | a .. | 18to 16| 

| T ..| 13,15 | 14,16 | 18,14 | 15, 16 

| U 5 to 12 
Vv 5,7 6, 8 9,10 | 11,12 

[ow 9,11 | 10,12 5,6 7, 8 | 

| a — | 17, 18, 

20, 21, 

23, 24, 

| | 26, 27 

| 8 | 17, 28 20, 26 | ced 24, 27 | 

| y | 18,24 | 21, 27 | 17, 20 | 23,26 | 

| 3 ae uo - | wo 19, 22, 

| ee Geen See 

|e | 19,25 | 29,98 | 19,22 | 25,98 | 









explained by illustrating it with a particular case. In mode 2 of Table I 
representing the tangential motion of the octahedral planes of atoms, if we 


assume the motion to be in the yz plane, then the x displacements of all 
the atoms are zero. The y displacement:sare given by 


Y= Vi= Yr = Ve= Vio= V12e= Visa= Yis= Yoo tO Yog 


= — Ye tO —Ye= — Yo= — Yu= — Vis= — Vic= — Viz 10 — Jig 


and the z displacements are given by 2z;= ky,, k being an arbitrary 
constant. 


Equation 1 becomes zero, while 2 and 3 are reduced to 
oe 


m Td = (P — 2Q + 2kR — 4kW + 4a — 2kB—2ky + 28—2kQy ) 
km TY (KP + 2kQ + 2R — 4W + 4ka — 28 — 2y + 2kB— 20) y (5) 
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On subtracting (5) from (4) the constant k vanishes, showing that the fre- 
quency is the same for all values of k including our particular value (k = — 1) 
and we get 


m2 =y(P—2Q—2R+4WH 222+ 8 +2G+y+ 9 ©) 


The frequency of vibration is therefore given by 
4n?v2¢2m = (P — 2Q — 2R + 4W + 62 + 62) (7) 


where 2= } (2a + 8) and 2=4(8 + y+ 6«) and » and c are respectively 
the frequency in wavenumbers and the velocity of light. In a similar manner, 
the expressions for all the modes can be obtained easily and are contained in 
column 6 of Table I. Table I also contains a detailed description of all the 
modes in columns 2 to 5. There is however an ambiguity with regard to 
the description of the relative phases of nearest layers in the case of the modes 
III and VIII. The ambiguity arises because the cubic planes of atoms in 
diamond are arranged at equal intervals. This fact does not make any 
difference with regard to the description of modes V and VI because the 
expressions for the frequencies of these two modes are the same. The ambi- 
guity in the case of III and VIII can be cleared up if we consider any two 
neighbouring layers for which the phases of motion are the same, and then 
describe the direction of motion in the two cases, with respect to the plane 
of the valence bonds joining the two layers. In such a case the direction of 


motion in III will be perpendicular to the plane of the bonds and in VIII 
parallel to the plane. 


It will be noticed that the constants T and V do not appear in any of the 
equations. These represent two of the three transverse force-constants 
due to the displacements of the twelve next-nearest neighbours previously 
described as situated at the face centres of the twelve cube faces originating 
from the point 0. Owing to the nature of the displacements of these atoms 
in the various normal modes, they cancel out from the frequency formule. 


5. THE FORCE CONSTANTS 
In addition to the eight expressions for the frequencies of vibration of 
the various modes, we can obtain one more relation between the constants 
which corresponds to the translation of the entire crystal having zero fre- 
quency. Substituting the values of the force components appearing in equa- 
tions 4, 5 or 6, we obtain for the case of diamond 
(P+ 4Q + 4S + 8U + 122)=0 (8) 


We have now got nine expressions involving the eight constants P, Q, R, 
S,U,W,2 and 2. The constants are therefore perfectly determinate if 
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the frequencies corresponding to each one of the different modes are taken 
from the results of the experimental investigations on the vibration spectrum 
of diamond. The identification of the frequencies contained in column 8 
of Table I with the different modes has been carried out with the help of the 
sequence contained in the same table. The two low frequencies appearing 
as the last two in Table I have not been measured very accurately. But, 
a combination of these two has been found to occur at about 1370 cm.- in 
infra-red absorption and in luminescence and absorption at low temperatures 
in the visible region. The eight constants appearing in the equations have 
therefore been determined by using the values of the six accurately known 
frequencies and the fact that the sum of the low frequencies is at about 
1370cm.-!_ The values of the constants obtained are contained in Table VI. 


TABLE VI 


Numerical values of the force-constants x 10-° dynes per cm. 























Atom 0 Atoms 1 to 4 Atoms 6 to 16 Atoms 17 to 28 

P Q R s U WwW z Q 
7-35 | 1-39 | -0-858 | -0-005| -0-131| -0-114| -0.06 | +0.008 | 
| 














The fourth, fifth and sixth columns of Table VII show the frequencies 
calculated from abbreviated formule containing only the force constants 


























TABLE VII 
Calculated values of the frequencies 
| Frequencies from abbreviated 
| formulz 
Sequence ey | Operative Ferce-constant + no 
| P only P,Q,R = M b.. 
cm,~! cma * cm. 2. cm.~1 
I 3 | P~4Q+4S+8U-—122 1020 1351 1294 1332 
II 8  P-2Q—2R+4W+62+62 1020 1294 1269 1250 
| @ 6 | P-4R~4S-122 1020 1234 1236 1232 
IV 4 | P+2Q-4R-8W-62+122| 1020 1064 1123 1149 
|V&VI | 343 | P+4S—8U 1020 1020 1088 1088 | 
| 7a 4 | P-~2Q+4R-8W+62-1222| 1020 973 1038 1008 
| WiIl | 6 | P+4R-—45+122 1020 744 746 752 
| IX 4 | P+2Q+2R+4W-62-62 1020 635 E82 620 














shown, the number of neighbouring atoms taken into account being res- 
pectively 0, 4 and 16. The last column gives the experimentally observed 
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values which are also those given by the complete expressions taking all the 
force constants for the 28 neighbouring atoms into account. The values 
of the constants assumed are in every case those shown in Table VI. 
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It will be noticed from Table VI that P, Q and R are numerically by far 
the largest constants, as is to be expected since the four nearest atoms are 
linked directly by valence bonds to the atom under consideration, while the 
other atoms are only indirectly connected with it. Further, all the constants 
except P and 2 are seen to be negative. This could have been foreseen from 
equation (8), since P being taken as positive, then by the nature of the case 
the quantities Q, S, U and 2 should be negative, while the constants R and 
W comeé out negative by reason of the convention adopted regarding their 
sign. Table VI further shows that P is greater than 4Q, as could also have 
been foreseen from relation (8). The constant S comes out as practically 
negligible, and this is not surprising since it represents the forces on any 
atom due to others situated in the same cubic plane but not directly linked 
with it, the direction of both force and displacement being normal to the 
plane. 


Column 5 of Table VII shows that the three constants P, Q, R_ suffice 
to give a tolerable fit with the experimentally observed values. The rela- 
tive values of P, Q and R determine the sequence of the frequencies calcu- 
lated from the formule, and this is the same as that of the observed fre- 
quencies provided that numerically 2R > Q >R, as is actually the case. 
That Q would be numerically greater than R could have been expected since 
the former is the longitudinal and the latter the transverse component of 
the force exerted by one atom on another linked to it by a valence bond. 
If 2R < Q, mode IV would have a lower frequency than mode VII which 
would scarcely have bees possible in view of the much larger bond-length 
variations involved in the former mode. 
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SUMMARY 


Exact expressions have been derived for the frequencies of the nine 
normal modes of vibration of the diamond structure, which take account 
of the forces of interaction between each atom and its 28 nearest neighbours. 
The formule involve 8 independent constants together with an additional 
relation between them, and the constants are thus perfectly determinate 
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if the frequencies are known. The interactions decrease very rapidly with 
the increase of distance and their magnitudes and directions as evaluated 


from the observed frequencies are also otherwise in accord with theoretical 
expectations. 
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1. INTRODUCTION 


Many solids crystallise with a structure similar to that of rocksalt and 
it is therefore of importance to investigate the vibration spectrum of this 
crystal. Expressions for the frequencies of its nine eigenvibrations are de- 
rived in this paper by methods similar to those adopted in the case of diamond 
in the preceding communication. 


2. DESCRIPTION OF THE MODES 


As in the case of diamond, the modes of vibration of the rocksalt 
structure can be derived directly from the four possible modes of vibration 
of the face-centred cubic lattice, viz., the normal and tangential oscillations 
of the octahedral planes of atoms and the normal and tangential oscillations 
of the cubic planes of atoms with degeneracies of 4, 8, 3 and 6 respectively. 
Since there are two atoms per unit cell in rocksalt, the number of possibilities 
is doubled up just as in diamond. The atoms in any particular cell can move 
either with the same phase or with opposite phases in every one of the four 
possibilities of a simple face-centred lattice. But, the case of rocksalt differs 
from diamond in some important respects. Firstly, the two atoms in the 
unit cell have different masses. Secondly, while in diamond, the layers of 
atoms belonging to the two interpenetrating lattices appear separated both in 
the octahedral and in the cubic planes, in rocksalt the layers are separated 
only in the octahedral planes, the cubic planes consisting of atoms of both 
kinds located in the same layer. Further, the octahedral layers are spaced 
at equal intervals, any layer of atoms of one kind being situated exactly 
midway between neighbouring layers of the other kind. Because of this, 
the equations of motion of the two types of atoms for the four octahedral 
modes are independent of each other. These modes are the normal and 
tangential oscillations of the octahedral layers of sodium atoms and the 
normal and tangential oscillations of the octahedral layers of chlorine atoms 
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having degeneracies of 4, 8, 4 and 8 respectively. In the case of the modes 
in which the cubic planes are involved, the equations of motion of the two 
types of atoms are not independent of each other for the reason stated above. 
There will be two modes in which the planes move normally with respect 
to themselves. In one of these, the atoms belonging to the two lattices 
situated in any cubic plane move with the same phase and in the other with 
opposite phases. The degeneracies for these two modes are three each. 
Similarly, corresponding to the above two possibilities, there will be two 
tangential modes with degeneracies of 6 each. In addition to the eight 
modes described already, there will be one more triply degenerate mode in 
which the atoms belonging to the two lattices move against each other in 
any three orthogonal directions. 


3. THE Forcr-CONSTANTS 


In the discussion below, we shall deal with the forces produced on any 
sodium atom proportional to its own displacement and those due to the 
displacements of the 26 atoms nearest to itself. Similarly we shall have to 
consider also the forces produced on any chlorine atom due to its own dis- 
placement and the displacements of its 26 nearest neighbours. There will 
therefore be 2 (26 x 9 + 3) =474 force-components in all. The 26 neighbours 
of any atom (sodium or chlorine) are situated in such a manner that if we 
consider any unit cube of the crystal with the atom under consideration at 
the centre of the cube, then the six atoms (of the other kind, 1 to 6) situated 
at the face-centres of the cube are the nearest neighbours. The twelve atoms 
(7 to 18 of the same kind) located at the midpoints of the 12 cube edges and 
the eight atoms (19 to 26 of the other kind) situated at the eight corners of 
the cube form the next nearest and the more distant neighbours respectively. 
The 474 force-components mentioned above, would be greatly reduced in 
number for various reasons. There are actually three different factors which 
contribute to such reduction. Firstly, the 26 neighbours divide themselves 
into three different groups of atoms of 6, 12 and 8 such that the forces on 
the atom under consideration due to the displacements of all the atoms of 
a particular species can be described by the same set of constants. Secondly, 
the forces produced on any atom of one kind (say chlorine) due to the dis- 
placements of any other atom of the second kind, are the same as the forces 
produced by the displacements of the particular atom of the first kind on 
the same atom of the second kind. Thirdly, symmetry effects a great simplifi- 
cation and reduction of the number of independent constants. In addition 
to the fact that the force constants of different atoms of a particular group 
transform among themselves, it may also happen that some of the constants 
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vanish. If by the application of a symmetry operation, the force in a parti- 
cular direction on any atom (i) due to the displacements of another atom (j) 
in a particular direction comes out to be equal to the force on the same atom, 
(i) in the same direction by the displacement of (j) in the opposite direction 
then the force must vanish. Applying these principles, we find that the 474 
force components can be reduced to 12 independent constants. A descrip- 
tion of all the force constants is contained in Table I. 

















TABLE I 
(See Explanatory note below) 
| Atoms re- 
| sponsible Symbol Description of Force-Constants 
| for forces 
0 P, P” Force on atom proportional to its own displacement. 
1 to 6 Q Force and displacement parallel to each other and to the line join- 
ing the two atoms. 
| 
| 1to6 R Force and displacement perpendicular to the cubic plane containing 
the two atoms. 
7 to 18 ss" Force and displacement perpendicular to the cubic plane containing 
the two atoms. 
7 to 18 t. Force and displacement along the same cube axis, the plane contain- 
ing the two being the cubic plane containing the two atoms. 
7 to i8 UU" Force and displacement along different cube axes, the plane contain- 
ing the two being the cubic plane containing the two atoms. 
19 to 26 Vv Directions of both force and displacement along a cube axis. 
19 to 26 Ww | Direction of displacement along a cube axis and that of the force 
along any one of the other two axes. 
| 








Atom 0 may refer to either sodium or chlorine and the other numbers accordingly. The 
symbols P, S, T and U refer to sodium atoms and P’, S’, T’ and U’ to chlorine atoms. The 
other symbols Q, R, V and W are common to both. 

In addition to the simplifications already described, we can derive two 
telations between the force constants, one representing the fact that the work 
done in any small displacement (5x) of the entire crystal is Zero and the other 
that the work done in any small displacement (5x) of all the chlorine atoms 
is exactly equal to the work done in an equal displacement of all the sodium 
atoms, the chlorines now remaining at rest. These two relations are: 


(P-+2Q+4R+4S8+8T+8V) + (P’+2Q+4R+4S’+8T’+8V)} 8x?=0 (1) 


and (P+4S-+8T) 5x?= (P’+4S'+8T’) 5x? (2) 
combining (1) and (2), we find that 
(P+4S+8T) = (P’+4S’+8T’) = — (2Q+4R+8V) (3) 


All 
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4. THE FREQUENCY EXPRESSIONS 


We will now proceed to derive expressions for the frequencies of vibra- 
tion of the nine modes. In what follows, the masses of the sodium and 
chlorine atoms will be represented by m, and m, and their displacements by 
X,Y; Z, and X_y_Z_ respectively. The x, y and z displacements of any 
sodium atom in a particular normal mode will be numerically the same as 
the corresponding displacements of any other sodium atom, the directions 
of displacement being defined by the normal mode. Similarly the numerical 
values of the displacements will be the same for all the chlorine atoms. The 
deduction of the equations of motion of the various normal modes has not 
been shown here in detail as they can be written out in all the cases by mere 
inspection of a model. 


A: The two lattices oscillating against each other in any three ortho- 
gonal directions. At any instant of time the two types of ions will be moving 
in opposite directions. The direction of motion in this case can be anything. 
So let us put y = ax and z = bx; the constants (a) and (5) depending on the 
direction of displacement. The equations of motion involving x will be 


+ 6 @ 
2 
me Gat = — OQ +4R + 8V) m+ P4484 ST) x | 


The y and z equations of motion will be quite similar to these two. The 
constants (a) and (b) do not enter the equations, showing that the frequency 
of vibration is independent of the direction of motion. Denoting the ex- 


pression (,; ~ Fr) by 1/u, the two equations (4) lead to the solution 
1 2 
42? c7v, "un = 


(P + 4S + 8T) = (P’+ 4S’+ 8T’) = — (2Q + 4R + 8V) 


B: Oscillation of the alternate octahedral layers of sodium atoms 
against each other normally with respect to themselves. In this case the 
displacements of the chlorine atoms will be zero. If we assume the (111) 
planes to be the oscillating units x= y=z. The equation of motion 
for x becomes 


d? 
m, Ge = (P — 8U) xy (5) 


with two identical equations for y, and z,. Therefore 
42*c?v.2m,= (P — 8U). 
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C: Oscillation of the alternate octahedral layers of sodium atoms 
against each other tangentially with respect to themselves. The direction of 
motion can be anywhere in the plane, since the vibration is degenerate in 
the plane. Also the equation of motion comes out to be the same whatever 
the direction of motion, provided it is confined to the octahedral plane under 
consideration. If we suppose the direction of motion to be along any one 
of the three dodecahedral directions lying in the plane, for example 
x=0 and y= —z, then 


d? 
t (6) 
d*z, __ | 
and Mm a = (P + 4U) z, } 
Hence 4n*c?v,2m,= (P + 4U) 


D: Similarly the frequencies of vibration of the normal and tangential 

oscillations of the alternate octahedral layers of chlorine atoms come out as 
42? v,2c?m,= (P’— 8U’) 
and 4? v52c?m,= (P’+ 4U’). 

E: Coupled oscillation of the alternate cubic planes of atoms normally 
to each other. The direction of displacement can be along any one of the 
three cube axes. Let y and z be zero. Then, there are two possibilities 
corresponding to whether the sodium and chlorine atoms in any particular 
YZ plane move with the same phase or with opposite phases. When these 
displacements are in the same phase 

2 

m, OS = (P + 48 — 81) x,— (2Q — 4R + 8V) x 
tx (7) 
Mz at = — (2Q — 4R + 8V) x, + (P’+ 4S’— 8T’) x, 


——— —— 


The frequencies v, and v, are therefore given by 
4n2c2v_2 and 42%c?v,? 
_ P+ 4S — 8T) 4 P’+ 4S’— 8T’ 
a 2m, 2me 


P+4S—8T  P’+4S’— 81’)? | (2Q—4R + 8V)*}# 
+ {{ 2m, 2m, | 7 mM, } 











The case in which the sodium and chlorine atoms of any YZ plane move with 
opposite phases also leads to the same two solutions. The + ive sign refers 
to the case in which the sodium and chlorine atoms of any YZ plane move 
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with the same phase and the — ive sign to the case in which they move with 


opposite phases. 


F: Coupled oscillation of the alternate cubic planes of atoms tangen- 


tially to themselves. 
ing units, the direction of motion can be anywhere in 


y and z equations of motion come out to be identical. 


of sodium and chlorine atoms are in phase 


m, G3! = (P — 48) y+ (2Q — 8V) Ys 


d? , , 
m, S72 = (2Q — 8V) + (P’— 48) Ys 
Therefore v, and vg are given by 
4n*c*y,* and 42%c*v,? 
_P- 4s p’— 4S’ 





Here again if we consider the YZ planes as the oscillat- 


the plane. But, the 
When the motion 


(8) 


Wenemaronyon omrennd 





va 2m, + 2m, 
P—4S P— 49’ 2 (2Q — 8V)? é 
+ {{ 2m, 2M, | wi mM, } 
TABLE II 


The Expressions for the Frequencies of Vibration of the Normal 


Modes of NaCl type Structures 























Oscillatin | Direction of 
Degeneracy yo . | Oscillation AnPc?v? 
( 
| 

3 The two | Arbitrary (P+4S+8T)/p = (P’+4S’+8T’)/y’ 

| lattices = —(2Q+4R+8V/y 

| | 
4 | (111) Naions | Normal (P-8U)/m, 
8 a | Tangential (P+4U)/my 
4 (111) Clions | Normal (P’—8U’)/m, 
8 ‘ Tangential (P’+4U’)/m, 

ere 8ST +P +4S’—8T’ 
2m2 
3 (100) planes | Normal prts-an _ (®+48'-8T')]? 
3 va Normal 2m, 2m 
k ‘ So— en teyEys 
MyM 
} P= 4S P’—4S’ 

6 *%9 Tangential 2m, —— 2-2 * 
8 | 7 Tangential | j Ha _ P’~4s’ ;  MRnenhs 

| J 2m, oma mim: 























ah ir th ee a> Cea Gear 














Dynamical Theory of the Vibration Spectra of Crystals—Il 499 


As in the case of the modes v, and v, , here also the mode in which the sodiums 
and chlorines of any one plane move in opposite phases leads to the same 
two solutions. In this case, the mode with which the motions are in the same 
phase corresponds to the — ive sign and the + ive sign to the mode in which 
the phases of sodium and chlorine atoms in any oscillating plane, are 
opposite. Finally, we give a table containing all the expressions collected 
together with a description of the various modes of vibration. 


In conclusion the author’s sincere thanks are due to Prof. Sir C. V. 
Raman for the many illuminating discussions he had with him. 


SUMMARY 


Exact expressions for the frequencies of the nine eigenvibrations of 
‘rocksalt have been derived in terms of 11 independent constants which take 
account of the influence of the 26 nearest neighbours of each atom, the con- 
stants being connected by two additional relations. 
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1. INTRODUCTION 


IN two previous communications the vibration spectra of diamond and 
rocksalt have been investigated on the basis of the new theory of crystal 
dynamics (1943). It is proposed here to deal with the dynamics of the cesium 
chloride structure which is typical of a number of crystals. The same 
method as was used in the two previous publications has been applied in 
the present case also. 


2. THE NORMAL MODES OF VIBRATION 


Since the cesium chloride structure consists of two simple cubic lattices 
interpenetrating in such a manner that the atoms of one lattice are located 
at the body centres of the cubic lattice formed by the other, the normal modes 
of vibration of this structure are easily derived by a consideration of the 
vibration modes of a simple cubic lattice. Of the five independent modes 
of vibration possible for a simple cubic lattice, two are the normal and 
tangential oscillations of the alternate cubic planes of atoms against each 
other with degeneracies of 3 and 6 respectively. Modes three and four with 
degeneracies of 3 and 6 respectively, are the oscillations of the alternate 
dodecahedral planes of atoms against each other, the directions of oscilla- 
tion being along the cubic axis lying in the dodecahedral plane in one case 
and along any one of the two dodecahedral axis lying in the perpendicular 
plane in the other. The fifth mode is the oscillation of the alternate octa- 
hedral planes of atoms with opposite phases in any three orthogonal directions 
and consequently with degeneracy of 3, thus making up the 21 degrees of 
freedom of the 8 atoms in a supercell, besides the three translations. In the 
case of the cesium chloride structure, since the two non-equivalent atoms 
in a unit cell can now vibrate with either the same phase or with opposite 
phases, the five possibilities in the simple cubic lattice will be doubled up. 
In addition to the 10 independent modes thus possible, there will be one 
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other in which the atoms belonging to the two lattices vibrate against each 
other in any three orthogonal directions. A symbolic description of these 
eleven modes of vibration is contained in columns 1 to 3 of Table II. To 
avoid repetition, it is not reproduced here. 


The cesium and chlorine atoms in the crystal appear in separate layers 
parallel to the octahedral and cubic planes of the crystal and they are so 
spaced that the layers of atoms of one lattice are situated midway between 
layers belonging to the other lattice both in the octahedral and in the cubic 
planes. Therefore the equations of motion of the two types of atoms are 
independent so far as the modes concerned are the vibrations of the cubic 
or octahedral planes. But any dodecahedral layer contains atoms of both 
types and consequently for the modes in which these layers are involved, 
the equations for the two types of atoms are not independent. 


3. THE ForRcE CONSTANTS 


In what follows we shall consider the forces produced on every atom 
due to the displacements of the 26 neighbouring atoms in addition to the 
forces due to its own displacements. Since there are two dissimilar atoms 
in the crystal, we would require 2(26 x 9 + 3) = 474 force-components 
to describe the influence of the neighbouring atoms. But, for reasons 
already described in the previous paper, these reduce very much in number. 
In the case of cesium chloride the eight nearest neighbours (of the other 
kind) of every atom, are situated at the eight corners of the unit cube, 
the atom under consideration being situated at the body centre of the cube. 
If we consider a cube of twice the linear dimensions of the unit cube with 
the atom under consideration again situated at the body centre, then the six 
next nearest neighbours (9 to 14 of the same kind) are those at the face centres 
of the big cube and the most distant of the 26 atoms (15 to 26 of the same 
kind) at the midpoints of the 12 cube edges of the big cube. The constants 
P and P’ refer to the forces on any cesium or chlorine atom (atom 0) res- 
pectively proportional to their own displacements. Atoms | to 8 are repre- 
sented by Q and R, 9 to 14 by S, T, S’ and T’ and 15 to 26 by U, V, W and 
U’, V’, W’. The description of these thirteen constants is contained 
in Table I. 


As in the case of rocksalt, the principle that an infinitesimal translation 
of the entire crystal involves no work done and the fact that the work done 
in a small virtual displacement of the cesium ions by a small amount 5x 
is exactly equal to the work done in a displacement of the chlorine ions by 
the same amount, the cesiums now remaining at rest lead to the relations 


{((P+8Q+48+2T+4U+8V) + (P’+8Q+48'+2T'+4U’+8V')} 5x?=0 (1) 
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TABLE | 
Description of Force Constants 








} Atoms | | 
| responsible | Symbol | Description of the constant | 
| for forces 
ov ite 9 Bed | oe ee ea | 
| l | 
0 P, »* | Force on any atom proportional to its own displacement along any! 
| one of the cube axes 
| | 
} . . . | 
1 to 8 Q | Direction of both force and displacement along any one of the three} 
cube axes 
do | R Direction of displacement along acube axis and that of force along any| 
one of the other two cube axes | 
| 
9 to 14 S, S’ | Both force and displacement in a direction perpendicular to the cu bic| 
plane containing the two atoms | 
| | | 
do T. ¥ Both force and displacement along a cubic axis containing the two! 
atoms | 
| 15 to 26 u;. O° Both force and displacement in a direction perpendicular to the cubic 
plane containing the two atoms 
| 
do | ¥%.¥ Direction of both force and displacement along any one ofthe three! 
cube axes 
| | 
do | Ww, W’ Direction of displacement along a cube axis and that of force along} 
| any one of the other two cube axes 





| 
* Atom O may refer to either a Cesium atom or a Chlorine atom. P,S,T, U and W 
refer to cesium atoms, P’, S’, T’, U’ and W’ to chlorine atoms and Q and R to both. 


and 





(P+4S+2T+-4U-+8V) 5x?= (P’+4S’+2T’+40’+8V’) 5x? (2) 
combining (1) and (2) we obtain 
(P+4S+2T+4U+8V) = (P’+4S’+2T’+4U’+8V’) = — (8Q) (3) 


4. EXPRESSIONS FOR THE FREQUENCIES 
We shall now consider the eleven normal modes one by one and derive 


the frequency formule in terms of the force-constants. m, and m, denote 
the masses of the cesium and chlorine atoms respectively. 

A: The oscillation of the cesium and chlorine lattices against each other 
along any three orthogonal directions. If we represent the displacements of any 
cesium atom by x, y,; Z, and that of the chlorine atoms by x2 y, Z, we have 

d® (x,- + 
m, £ Cat + A) _ (p+ 48 + 27 + 4U + 8V)(%, + + 2) 


— 8Q (X2+ Yet 22) 





d* (Xg+ Yet Ze) as 





mM dt? al i 8Q (%1+ Mr 2) 
+ (P’+ 4S’+ 2T’+4U'+ 8V’) (x2+ yet 22). 
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Using the relation (3) and solving the above two equations we obtain 
4n?y,2c?= (P + 4S + 2T + 4U + 8V)/p 
= (P’+ 48'+ 27’ + 4U’+ 8V/u = — (8Q/n. 
p in the above is the reduced mass of the cesium and chlorine atoms 
1/u = (1/m,+ 1/mg) 
B: The cesium ions in the cubic planes vibrate against each other 


with alternate planes in opposite phases, normally. If we choose the YZ 
planes as the oscillating units 


2 
m, G2 = (P + 48 + 4U — 2T — 8V) x, 


The frequency of vibration is therefore 
4n?v,2m,c?= (P + 48 + 4U — 2T — 8V). 


C: Same as B but transversely. The direction of oscillation can be 
anywhere in the plane. Hence 
2 
m, © Ost 2) _ (Pp + 27 — 4U) (4 + 4) 
or 41*v32m,c?= P + 2T — 4U. 


D: Movement of the chlorine layers in the alternate cubic planes 
against each other normally or transversely. The frequency expressions 
will be similar to those in B and C but with the dashed terms. Hence 

41? v42m,c? = (P’+ 4S’+ 4U’— 2T’— 8V’) 
42? v52m_c? = (P’+ 2T’— 4U’). 


E: Coupled oscillation of cesium and chlorine atoms in alternate 
dodecahedral planes with opposite phases, the directions of oscillation being 
along the diagonals of the cube face perpendicular to the oscillating planes: 
If we consider the (011) planes, then the displacements of the atoms will be 
such that x = 0 and y= +2. Therefore for the two types of atoms 


2 
- ait = (P — 2T — AU) y, — 8Ry, 


d'¥2 _ _ §Ry,+ (P’'— 2T’— 4U’ 
=e Vit (P’— - ) Ye 
The two frequencies vg and v, are therefore given by 47?v,2c?, 422y,2¢?— 
P — 2T — 4U “ P’— 2T’— 4U’ 
2m, 2m, 
P—2T—4U_ P’— 2T’— 4U’>? 2)4 
+f) 4 





2m, 2m, J mM, 














~ 
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F: Same as E, but the direction of oscillation being tangential to the 
dodecahedral plane and along a cube edge. The equations of motion for 
the (011) planes are 


2 
m, 53 = (P — 48 + 2T + 4U — 8V) x, 


d*x. , ’ , , ’ 
Mz Fa = (P’— 48 + 2T’+ 4U’— 8V’) x, 

In this case the equations of motion appear separated because the forces 
due to the displacements of one set of atoms on any atom of the other set 
cancel out completely in these two modes. The two frequencies are therefore 

47? vg2m,c?= (P — 48 + 2T + 4U — 8V) 
42? v92m,c? = (P’— 4S’+ 2T’+ 4U’— 8V’). 

G: Alternate cesium layers in the octahedral planes vibrating in 
opposite phases against each other in any three orthogonal directions. The 
x, y and z equations of any atom are identical. Therefore 

ad z 
m, he = (P — 4S — 2T + 4U + 8V)(x,4+ 1+ 4) 
Hence 
42? v192m,c? = (P — 4S — 2T + 4U + 8V). 

H: Alternate chlorine layers in the octahedral planes vibrating in 
opposite phases against each other in any three orthogonal directions. The 
frequency expression for this mode will be quite similar to that of the above 


4? v1,2m.c?= (P’— 4S’— 2T’+ 4U’+ 8V’). 
Finally, the results are collected together and presented in Table II. 


5. SOME FURTHER SIMPLIFICATIONS 


It will be noticed from Table I that the displacements which give rise 
to the forces S, S’, U and U’ involve no change in the distance between the 
interacting atoms. Consequently their magnitudes will be negligibly small 
in comparison with those of the other constants. The constants W and W’ 
do not appear in any one of the 1i formule in Table II. Further, if we 
neglect V and V’ which arise out of the displacements of the most distant 
neighbours considered, we will be left with the constants P, P’, Q, R, T and T’ 
which should satisfy the relation 


(P + 2T) = (P’+ 2T’) = — (8Q) 
Also since by the nature of the forces P5>T and P’ ST’, it follows that 
Ps P’ 
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TABLE II 


Expressions for the Frequencies of the Normal Modes 
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Degeneracy =e gone = Expression for the frequencies (47v3c?) 
3 The two Arbitrary (P+4S+2T+4U+8V)/p 
lattices = (P'+4S’+2T’+4U’+8V")/z = — (8Q)/p 
3 (100) Csions | Normal (P+4S+4U —2T-8V)/m, 
6 do Tangential (P+2T —4U)/m, 
3 (100) Cl ions | Normal (P’+4S’+4U’ —2T’ —8V’)/m, 
6 do Tangential (P’+2T’—40U’)/m, 
6 (011) planes | [011] or | Se a + 
6 do [oli] i - earl + a \3 
3 do [100] (P—4S+2T+4U—-8V)/m, 
3 do [100] (P’— 4S’ +21’ +4U’—8V")/m> 
3 (111) Cs ions| Arbitrary (P—4S—2T+4U+8V)/m, 
3 (111) Cl ions} Arbitrary (P’ —4S’—2T’ +4U°+8V")/m, 
TABLE III 
| | 
| — | Degeneracy | Oscillating Units gece Mg Formule 
| | | pear Pesr 4(T+T’) 
I | 6 | (011) planes [011] or [011] = + = am 9 
| II | 3 |The two lattices | Arbitrary = Per 
| om ms 
| I | 3 | (111) Clions do (P’—2T’)/me 
| IV | 3 | (100) do Normal (P’-2T’)/m. 
. | 3 | (011) do [100] (P’+2T’)/ms 
| VI | 6 | (100) do Tangential (P’+2T’) /ms 
| vit | 3 | (111) Csions | Arbitrary (P—2T)/m, 
| VIII | 3 (100) do Normal (P~2T)/m, 
| IX | 3 (011) do [100} (P+2T) /my 
| x 6 (100) do Tangential (P+2T)/m, 
| XI 6 (O11) planes | [ON or folly) | - oe 
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If the nature of the forces are such that they are along the line joining the 
interacting atoms, then Q and R the longitudinal and transverse forces res- 
pectively, due to the displacements of the nearest neighbours, will be equal 
since they are all situated along the trigonal directions with respect to the 
atom under consideration. Once these simplifying assumptions are made, 
the order of magnitudes of the eleven frequencies, at once follows. By the 
convention adopted, all the constants except P and P’ are negative. The 
number of distinct frequencies is thus reduced from 11 to 7. In Table II 
the various modes are arranged in the order of the magnitudes of their fre. 
quencies assuming m, to be greater than m, as in cesium chloride. If 
m, < m,as for example in NH,+Cl- which has the same structure, the order 
can be obtained by interchanging m, and m, in Table III and also P and T 
with P’ and T’ respectively. 


My sincere thanks are due to Prof. Sir C. V. Raman for the many valuable 
suggestions I had from him. 


SUMMARY 


Exact expressions have been derived for the 11 eigenfrequencies of the 
cesium chloride structure in terms of 12 constants which take account of 
the influence of the 26 nearest neighbours of every atom, the constants being 
connected by two additional relations. Simplified formule for the frequencies 
have also been given in terms of 4 independent constants only, which are 
again connected by an additional relation. 
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1. INTRODUCTION 


Most metals crystallise in the cubic system with either the face-centred 
or the body-centred structure and consequently it is of importance to 
investigate the vibration spectra of these structures. The methods of the 
foregoing papers have therefore been applied here to derive expressions 
for the frequencies of the eigenvibrations of the above two structures. 


2. THE FACE-CENTRED CUBIC LATTICE 


The vibration spectrum of this structure has already been described 
as consisting of four independent modes, viz., the normal and tangential 
oscillations of the octahedral planes of atoms and the normal and tengential 
oscillations of the cubic planes of atoms with degeneracies of 4, 8, 3 and 6 
respectively. The influence of the 12 nearest neighbours (atoms 1 to 12) 
surrounding every atom in the structure can be represented by three inde- 
pendent force constants Q, R and S and that of the next nearest neighbours 
(atoms 13 to 18) by two independent constants T and U. The six constants 
including P, the force on any atom proportional to its own displacement, 
are described in Table I. 


The condition that an infinitesimal translation of the entire structure 
involves no work done, results in the relation 


P+4Q+8R+2T+4U =0 


between the force constants. The expressions for the frequencies of the 
four eigenvibrations are contained in Table II. 


From Table I it can be seen that Q and U will be negligible in com- 
parison with the other constants. R and S will be of the same order of 
magnitude, but R > S in a valence structure, since the former is a longitudi- 
nal and the latter a transverse force. It is also evident that P > (—8R). So 
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TABLE I 
Description of the Force Constants 
Atoms 
responsible Symbol Description 
for forces 
0 P | Force on any atom proportional to its own displacement 
1 to 12 Q Force and displacement perpendicular to the cabic plane con- 
taining the two atoms 
1 to 12 R Force and displacement along the same cubic axis, the plane con- 
taining the two being the cubic plane containing the two atoms 
1 to 12 S Force and displacement along different cube axes, the plane con- 
taining the two being the cubic plane containing the two atoms 
13 to 18 ¥ Force and displacement parallel to each other and to the line 
joining the two atoms 
13 to 18 U | Force and displacement perpendicular to the cubic plane contain- 
| ing the two atoms 














TABLE II 


Expressions for the Frequencies of Vibration 

















: ms 
| scenic | Degeneracy | Oacillating Units |Direction of oscillation 4n?v2¢2 m 
I 3 (100) planes | Normal P+4Q—8R+2T+4U 
| II 4 (111) planes | Normal P-—8S—2T-—4U 
| 
| III 6 (160) planes Tangential | P-4Q+2T+4U 
| | 
| IV 8 (111) plones Tangential | P+4S-—2T-—4U 

















if we neglect the constant T, the order of magnitude of the frequencies will 
be the same as that shown in Table II. But T being a negative quantity, 
it is possible that a consideration of this force might bring about a reversal 
of the order with regard to modes I and II. In any case the vibration spec- 
trum of the face-centred lattice consists of a close doublet with high frequency, 
one mode with medium frequency and one mode with low frequency. 


3. THE BODY-CENTRED CuBIc LATTICE 


The vibration spectrum of the body-centred cubic lattice consists of 
a triply degenerate vibration of the two interpenetrating cubic lattices against 
each other and three vibrations of alternate dodecahedral planes with 
opposite phases, in three directions, viz., normally, transversely parallel to 
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a cube axis, and transversely along the dodecahedral axis in the plane, with 
degeneracies of 6 each. The interaction of every atom in the structure with 
its eight nearest neighbours (atoms 1 to 8) can be represented by two con- 
stants Q and R and that with the next nearest neighbours by the constants 
S and T. So we have four independent constants in addition to the force P 
on any atom proportional to its own displacement. The constants are 
described in Table HI. 
TABLE III 


Description of Force Constants 














Atoms \ 
responsible Symbol Description 
| for forces | 
0 L 4 | Force on any atom proportional to its own displacement 
lto 8 Q Force and displacement parallel to each other and along a cube 
axis 
lto 8 R Force and displacement perpendicular to each other and along 
different cube axes 
| ] 
9 to 14 | 5 | Force and displacement perpendicular to the cubic plane contain- 
| j | ing the two atoms 
| 
9 to i4 | By | Force and displacement parallel to each other and to the line 
| joining the two atoms 





The condition that a translation of the crystal has zero frequency leads to 
P+8Q+4S8S+2T=0 


The frequencies of the modes obtained in terms of the constants are contained 
in Table IV. 




















TABLE IV 
Expressions for the Frequencies of Vibration 
Probable Degenerac | Oscillating Units ae of oecitistion| 4n2y2c2m 
Sequence & y m | i 
eae ee te + ears ; 
I 3 Body centre atoms Arbitrary | P-8Q+2T+4S 
against cube cor- 
6 | ner atoms 
II | (011) planes (011) P—8R-2T 
III 6 | (011) planes [100] P+2T-—4S 
IV 8 (011) planes | [01 1] P+8R-2T | 











In this case the quantity S will be negligible, as can be inferred from its 
description in Table III. If we further neglect T, then P = — (8Q) and also 
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Q >R for the reason that the former is a longitudinal force and the latter 
a transverse force, the directions of the line joining the interacting atoms 
being along the trigonal axes. The order of magnitudes of the frequencies 
will therefore be the same as that shown in Table IV. But, here again, the 
consideration of T which is negative, may possibly reverse the order so far 
as modes I and II are concerned. The spectrum consists of two high fre- 
quencies, one medium and one very low frequency. 


In conclusion the author’s grateful thanks are due to Prof. Sir C. V. 
Raman for his kind interest in the work. 


SUMMARY 


Exact expressions have been derived for the frequencies of the eigen- 
vibrations of the face-centred and body-centred cubic lattices in terms of 6 
and 5 force constants respectively, the constants in each case being con- 
nected by one additional relation. 
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1. INTRODUCTION 


THE subject dealt in the series of papers of which this is the first has inter- 
ested investigators ever since the beginnings of Raman spectroscopy, and 
quite an extensive literature has grown up around the topic. It has been 
noticed by several investigators that whereas, at least in the majority of 
cases, the frequency shifts recorded with crystals at room temperature appear 
as very sharp lines, this feature becomes much less marked when the crystal 
is heated up. Per contra, in those few cases where the lines are a little 
diffuse at ordinary temperatures, they sharpen remarkably when the crystal 
is cooled down to low temperatures. Other effects have also been noticed, 
viz., a diminution of the frequency shifts with rising temperature, as also 
a notable falling off in the intensity of the lines. With regard to the latter, 
one must distinguish between a diminution of the peak intensity which is 
naturally to be expected when a line broadens, and a falling off in the inte- 
grated intensity of the line. According to Placzek’s theory of the Raman 
effect, the intensity of the Raman lines of a crystal should increase sensibly 
when it is heated up. That the contrary is the case has been reported by 
several investigators. It must be emphasized that all the effects observed 
vary notably from line to line in the Raman spectrum of a crystal, even 
in respect of order of magnitude. 


From a theoretical point of view, the subject is of prime importance in 
view of its bearing on the fundamental problem of the nature of the vibration 
spectrum of a crystal, as also of its relation to the various thermodynamic 
properties of a crystal, viz., its specific heat, the thermal expansion, the thermal 
conductivity, the influence of temperature on the elastic properties of the 
crystal and so forth. Any theory which claims to explain these various 
properties must in the first instance be capable of giving a satisfactory 
account of the spectroscopic behaviour of crystals and of the manner in 
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which it is influenced by temperature. In other words, the data furnished 
by Raman spectroscopy with crystals form the touchstone for testing theo- 
ries of the solid state. Hence arises the importance of a precise and extended 
knowledge of experimental facts. 


A survey of the literature indicates the need for a thorough revision of 
the whole field. The data obtained by different investigators with the same 
crystal often differ notably. Owing evidently to the difficulties of experi- 
mentation, data have mostly been reported for a few of the more intense 
lines in the spectrum and not for all. The observations made usually also 
refer only to a few isolated temperatures instead of to a sufficient number 
spread out at intervals over the widest possible range. Further, it is not 
unusual to find that some aspects of the subject have been considered and 
not others, whereas the need for a correlated study of all of them is obvious. 
These deficiencies in the literature have induced the author to undertake a 
systematic exploration of the subject. The crystals taken up for study 
have been so chosen that the well-known Rasetti technique utilizing the 
intense A 2536 radiation of a water-cooled magnet-controlled mercury arc 
in quartz can be applied. This technique enables spectrograms showing 
even the faintest lines to be obtained with reasonable exposures, and also 
enables the higher dispersion and resolution provided by quartz spectrographs 
in the ultra-violet to be availed of to obtain greater precision in the measure- 
ments. It may be remarked that all the earlier investigators in the field 
have used the A 4358 excitation which is much less satisfactory from every 
point of view. 

2. Previous WoRK ON CALCITE 


The temperature variations in the Raman frequencies of calcite were 
first studied by Ornstein and Went (1935) who recorded the spectrum at 
90°, 293°, 367° and 426° K, and came to the following conclusions. As the 
temperature is raised, the Raman lines show a decrease in frequency shift. 
This decrease is greater for the low frequency lattice lines than for the high 
frequency lines. In fact they could detect no such decrease in the latter. 
Regarding the width of the Raman lines, the authors found the width to be 
proportional to the square root of the absolute temperature and to increase 
greatly with temperature. Kopcewicz (1937) conducted experiments at 
293° K and at 683° K and noticed that the lattice lines with frequency shifts 
155 cm? and 281 cm? show a marked shift towards the exciting line. He 
could detect shifts of 5 and 4cm.— in the position of the internal frequencies 
at 711 and 1433 cm. respectively, but found no change in the symmetrical 
frequency at 1085cm.-' Venkateswarlu (1942) in the course of his study of 
the variations in intensity of the Raman lines, observed considerable shifts 
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in the position of the lattice lines with increase of temperature but noticed 
no change in the positions of the other lines. 


| 3. EXPERIMENTAL DETAILS 


Low temperatures.—For the study of the Raman Spectra below the 
room temperature, a demountable vacuum flask with an inner vessel of 
brass and a glass outer vessel was used. Two quartz windows were fixed 
at the bottom end of the glass vessel. Through one of these, the crystal 
of calcite was irradiated with light from the mercury arc while through the 
other the scattered light was led to the slit of the spectrograph. The speci- 
men used for low temperature work was a thin piece of calcite which was 
fixed on a copper block attached to the bottom of the inner brass vessel 
which formed the container for the refrigerant. The flanged joint between 
the inner brass tube and the outer glass vessel was sealed with Apiezon 
sealing compound “‘Q” and the flask was kept continuously evacuated by 
a Cenco Hyvac pump. 
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High temperatures —For work above room temperature, a heater capable 
of withstanding high temperatures was constructed. It consisted of a 
rectangular metallic box (14” x 1”x 4”) with the two ends open. A window 
("x $”) was cut open on one of the broader sides of the box for irradiation 
purposes and was closed by a fused quartz disc stuck over it. The box was 
surrounded by a thin layer of mica over which was closely wound nichrome 
wire and set in a mixture of sodium silicate solution and alumina powder. 
The entire heater was then plastered with a paste of asbestos. The specimen 
of calcite used for high temperature work was a piece cleaved along natural 
faces (3”x 4”x }"). It was kept inside the heater without coming into 
contact with the metallic portions by mica strips suitably stuffed in the vacant 
spaces, leaving enough air space inside. One broad side of the crystal was 
kept facing the window for irradiation and the scattered light was taken from 
one of the edges. The open ends of the heater were then closed with mica 
strips, one of which contained a rectangular opening through which the 
scattered light from the crystal could be led out. Thus the air inside the 
heater also attained the temperature of the furnace. 
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The heating current was supplied from a set of accumulators, except 
for very high temperatures when direct current from the mains was drawn 
through a series of resistances. To determine the temperature of the calcite 
piece during an experiment, a calibrated nichrome-constantan thermo- 
couple was fixed inside the furnace touching the crystal. The temperature 
of the crystal during an exposure was always kept constant by regulating the 
current passed. At the highest temperature reached, viz., 700°K, the 
furnace took about 30 minutes to attain a steady state. 
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For the study of the variations of the position and width of the intense 
Raman lines, a Hilger E3 medium quartz spectrograph with a dispersion of 
about 140cm.—/mm. in the 42536 A region was used. With a slit width 
of -04mm., exposures of the order of 3 hours each were given to obtain 
reasonably intense spectrograms. In order to measure the position of the 
lines accurately, a comparison iron arc spectrum was always partially super- 
posed over the Raman spectrum at each temperature. Ilford Special Rapid 
plates were usually used and the negatives were measured under a Hilger 
Cross slide micrometer, reading up to 1/1000 mm. 


In order to measure the total shift in the two other fainter lines in calcite 
viz., 710 and 1433 and to demonstrate clearly the shift and broadening in 
all the Raman lines of calcite, two photographs, one at room temperature 
and the other at the highest temperature possible, viz., 710° K of the Raman 
spectrum of calcite, were recorded in juxtaposition on the same plate with 
the help of a Hartmann diaphragm using the large El spectograph having 
a dispersion of about 44 cm.'/mm. in the A2536 A region. With a slit 
width of -06mm., exposures of the order of 12 hours at room temperature 
and 24 hours at high temperature were given. This plate was microphoto- 
metered under a Moll’s microphotometer. 


With the smaller instrument, the frequency and width changes of the 
strong Raman lines were determined at seven different temperatures above 
300° K, viz., 343°, 398°, 438°, 508°, 583°, 638° and 698° K. Using liquid 
air and solid carbon dioxide—alcohol mixture, two low temperature pictures 
at 90° K and 185° K, were also obtained. 


4. RESULTS 


The variations observed in the position and width of the two lattice 
lines of calcite at 155 and 281 cm.~ and in the internal symmetric frequency 
at 1085 cm.—? measured directly, are put down in Table I. The total change 
in frequency shift in all the Raman lines from room temperature to the 
highest and the proportional change 1/v-dv/dT are given in Table II. Five 
typical spectrograms taken with an E3 instrument showing the gradual 
decrease in the frequency shifts and increase in breadth of the Raman lines 
with rising temperature are reproduced in Fig. 1 (Plate XXIV). Contrary 
to the conclusions reached by previous authors, the symmetric oscillation 
with frequency shift 1085cm.-* does show a clear temperature variation 
in its position. This and the changes in the position and width in the other 
fainter internal frequencies, as also the tremendous influence of temperature 
on the lattice lines are clearly seen from the El spectrogram reproduced in 
Fig. 2 (Plate XXIV) and its microphotometric record reproduced in Fig. 3. 
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L Fig. 3. The microphotometric records of the Raman spectrum of Calcite taken with (E1) spectrograph 
. showing the shift, broadening and decrease in peak intensity of the Raman lines at high temperature. 
. The temperature variations of the intense 155, 281 and 1085 lines are gra- 
phically represented in Figs. 4, 5 and 6 respectively. 
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Fic. 6. Temperature Dependence of Frequency and Width of 1085 Raman Line 


TABLE [| 


Temperature variation of the position and width of the prominent Raman lines 
in Calcite 

































































































































| y=155 cm.-! | y=281 cm.~’ | »=1085 cm= 
Tempe- \~ sr Mla “hes i? ‘mp er Oy awe } 
rature K° | Centre of | Shift | Breadth | Centre of | Shift | Breadth | Centre of | Shift |Breedth 
- em.~!| cm“? | cm! |linecm.-! |cm.-! | cm.7! | linecm.”? | cm? | cm! 
| | | i 
90 W6l-l | 4:7 | 3 | 286-1 | Sel 5 | 1085-0 | 0 | 5:6 
|} 195 | we7-2 | 1-9 | 4 | 283-0 | 2-0 9 | 1085-0 | 0 | 7-0 
300 155-4 | © | 6-1 | 281-0 | 0 10 | 1085-0 | 0 8 
343 «| «153-2 | 2-2 9-1 | 278-2 | 2-9 | 12-6 | 1084-3 | 0-7 8+5 
398 150-2 | 4-2 | 99 | 275-3 | 4-3 | 16-9 | 1083-5 | 1-5 | 9-1 
438 148-9 | 6-5 10-6 | 272-8 | 7-2 | 16-8 | 1082-7 | 23 | 10-6 
| age | apie  Remeeatiian Vemmaecaiersinenih: 
508 | «(147-7 | 7-7 | MT | 2718 | 9-2 20 | 1082-0 3-0 | 11-8 
—- — 
583 | 44-6 110-8 = 13-5 | © 267-9 | 13-1 | 24-1 | 1081-4 | 3-6 | 1366 
| 638 141-6 | 13-8 16-0 263-1 | 17-9 | 31-8 | 1080-4 | 4-6 | 16-9 
| 698 | 137-5 i 22-0 256-0 | 25-0 | 44-0 | 1079-5 | 5-5 | 21-8 
TABLE Il 


Total shift and proportional change in the position of Ramen lines in Calcite 


v 
|Raman line | | 


| dycm. 1 











cm.~! mo | ts - 1/v- oie 
155 | 155-4 137-5 17-9 | 289 x 10°¢ | 
281 281-0 256-0 25-0 225 x 10°* ) 
710 | 710-0 1; 706-0 4-0 14 x 1076 
1085 | 1085-0 | 1079-5 5-5 13 x 10°¢ 
1435 | 1435-0 1427-0 8-0 14 x 10° | 
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From room temperature to that of liquid air the lattice lines show a 
definite increase in the frequency shift. The line 155cm. for which 
Ornstein and Went could not notice any change in position, exhibits a varia- 
tion by about 4-7cm.' Because the specimen used for low temperature 
work was necessarily a thin piece, the spectrograms obtained could not be 
reproduced properly although they could be measured. The variation in 
frequency shift recorded by Kopcewicz for the two lattice lines 155 and 
281cm.-! for the temperature range 293° to 700°K was 10 and 11cm.“ 
respectively whereas for the same range, the present author has measured 
a change corresponding to 17-5 and 25 cm.~ respectively for the same lines. 
The internal frequency at 710 cm.—' shows a variation of about 4cm.— and 
the one at 1435cm.~ shifts by about 8 cm. 


5. DISCUSSION 


Temperature and frequency shift.—The results obtained from the present 
study show conclusively that all the Raman lines of calcite exhibit measurable 
variations in frequency shift. The two lattice lines, on cooling down to 
liquid air temperature show an appreciable increase in frequency shift while 
the other three lines are apparently unaffected. At high temperatures, the 
lattice lines shift towards the exciting line to a far greater extent than the 
other three lines. The proportional change dv/v in frequency shift is about 
0-1 for the low frequency lines, whereas for the internal oscillations it is 
about 0-005. 


The two lattice lines arise, as is well known, from (i) a longitudinal 
motion of the CO; groups in a direction transverse to the trigonal axis and 
(ii) a rotatory oscillation of these groups around an axis in their plane. The 
magnitude of these oscillations is determined by the interionic forces which 
will be greatly affected by variations of temperature, and hence the lattice 
lines exhibit considerable temperature effect. On the other hand, the lines 
due to the internal oscillations of the CO, group are not influenced to the 
same extent by temperature variations, indicating that the inter-atomic 
forces inside the CO, ion are less temperature sensitive than the lattice forces. 
Similar results have been reported by Nedungadi (1939) for NaNO; which 
has the same structure as CaCQOs. 


In studies of the ternperature variation of the various properties of 
crystals, the vibrational frequency is usually encountered in the form of the 
expression 1/v. dv/dT denoted by x. The mean x values for the various 
frequencies for the temperature range 300° to 700° K are entered in Table II. 
For the 155 cm.-' line, x for the temperature range 85° to 300° K is 141 x 10-* 
and for the range 583° to 698° K, it is 387-1 x 1(@-’ _ For the same ranges 
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of temperature, it is 84-4 x 10-* and 368-2 x 10-* for the 281 cm line. 
The x value for the 1085 oscillation is 0 for the range 85° to 300° K and 24-3 
for the range 583° to 698° K. It will thus be seen that x is not constant but 
goes on increasing with temperature for all the frequencies. It is significant 
that while for the lattice lines it tends to become zero at low temperatures 
but does not actually attain that value, x for the internal symmetrical 
oscillation at 1085 cm.-! is actually zero at low temperatures. This is clear 
from Figs. 4, 5 and 6, which graphically represent the influence of tempe- 
rature on the Raman lines. Whereas for the 1085 line, the curve is almost 
flat at very low temperatures, it is not exactly flat though it tends to become 
so, for the lattice frequencies over the corresponding range of temperature. 
The mean x value obtained for the 1085 line is 13-0 x 10-* which compares 
very well with the value 15 x 10-* obtained for the corresponding symmetrical 
oscillation at 1065cm.-' for NaNOs, by Nedungadi (1939). There is also 
good agreement with the x values for the electronic frequencies A 1000 A 
and A 1535A in ultra-violet absorption calculated by Ramachandran (1947) 
from his equations for the thermal variations of the refractive indices of 
calcite, based on the data of Reed (1898). Table III gives the x values for 


41000 A calculated by Ramachandran and those obtained by the present 
author for the 1085cm.—? Raman line. 

















TABLE III 
a x x 106 | x x 108 
Temperature °C.| 5") 1000 | for 1085 cm.“ 
61-5 10°6 | 13-5 
152-1 46000 | 
| 349 24-0 24-6 | 





Temperature and width of Raman lines.—As pointed out earlier, the 
time of.exposure for obtaining the Raman spectra was reduced to the mini- 
mum by the use of the A 2536 radiation as the exciter, and therefore the 
measurements of width of the Raman lines in Table I can be said to be free 
from errors due to photographic factors. The temperature of the furnace 
was also kept constantly regulated and never allowed to fluctuate by more 
than + 2°. It will be evident from Fig. 1 that at low temperature, the Raman 
lines are fairly sharp and well defined. As the temperature is increased, 
they become broader and spread over a finite range of values. This is true 
of both the lattice and internal frequencies. At high temperatures, there 
is asymmetry in the broadening of the lines as will be evident from the 
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microphotometric record reproduced in Fig. 3, and this is more so in the 
case of the lattice lines. In general, the increase in width with temperature 
is of the same order of magnitude as the decrease in frequency shift, the 
former being always greater than the latter. Similar broadening of the 
Raman lines has been reported by Nedungadi for NaNOs. 


It will be seen from Figs. 4, 5 and 6 that the temperature-frequency 
shift and the temperature-width curves for the Raman lines in calcite are 
strikingly similar in shape. At low temperatures, the curves tend to become 
horizontal and the rate of change is greater at higher temperatures. This 
similarity, together with the fact that their magnitudes are also of the same 
order, suggests that the variations of frequency shift and width of the Raman 
lines with temperature are closely related to each other. This lends support 
to the idea that the variations caused in the Raman spectra by temperature 
can be successfully explained by taking into account the role played by 
mechanical and electrical anharmonicities in relation to the thermally excited 
energy levels of the crystals, as has been indicated by Sir C. V. Raman (1947), 


Measurements of the total intensities of the Raman lines which involve 
exacting conditions of experiment have not yet been completed. It will be 
evident, however, from Fig. 3 that there is a definite reduction in peak 
intensity of the Raman lines with increase of temperature. 


In conclusion, the author wishes to express his grateful thanks to 
Prof. Sir C. V. Raman, Kt., F.R.S., N.L., for his valuable guidance and keen 
interest in this investigation. 


SUMMARY 


With the A 2536 radiation of the mercury arc as exciter, the Raman 
spectrum of calcite has been studied at the temperatures 90°, 185°, 300°, 343°, 
398°, 438°, 508°, 583°, 638° and 698° K. It is found that ai] the Raman lines 
exhibit definite decrease in frequency shifts with increase in temperature, 
the decrease being much greater in the case of the lattice lines than in the 
internal oscillations of the CO; group. The width of the Raman lines 
increases with temperature and this increase is of the same order of magni- 
tude in each case as the diminution of frequency shift, the former being 
always greater than the latter. The temperature-frequency shift, and the 
temperature-width curves for the various Raman lines exhibit a striking 
similarity in shape, tending to flatten up at low temperatures and the rate 
of change being greater at high temperature, suggesting a close relation- 
ship between the two. The peak intensity of the Raman lines is also found 
to decrease very much with rising temperature, j 
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Fic, 2. Raman Spectrum of Calcite taken with E1 spectrograph using Hartmann diaphragm 
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1. REVIEW OF THE PREVIOUS WORK ON QUARTZ 


THE effect of temperature on the Raman Spectrum of quartz has been studied 
by several workers, mostly in connection with the variations in intensity of 
the Raman lines. Landsberg and Leontowitsch (1929) and Landsberg and 
Mandelstam (1929, 1930) were among the earliest who studied the variations 
in the intensity of the Stokes and anti-Stokes Raman shifts, especially the 
one at 466cm.—' within the temperatures 18° to 500°C. Brickwedde and 
Peters (1929) investigated the Raman spectrum of quartz at temperatures 
— 180° to 550°C. over the range 2000 to 5000 A. They observed that the 
intensity of the anti-Stokes line at 466 cm.—! rises with temperature and that 
the displacements from the exciting line corresponding to the 466 and 128 cm! 
Raman lines decrease with increase of temperature. The line at 466cm.—! 
which was sharp at room temperature was found to become diffuse at high 
temperature. Ney (1931) reported, from a study of the Raman spectrum 
over the range 18° to 500°C. that there is a marked diminution in the fre- 
quency shifts of the prominent Raman lines in quartz. He observed that 
the lines at 125, 203 and 463 cm.~" shift to 99, 175 and 457 cm. respectively 
at the highest temperature. Ornstein and Went (1935) measured the variations 
in the intensity and position of the 127 and 465 Raman lines at 90, 294, 360 
and 420°K. They noticed that the breadth of the Raman lines increased 
with temperature and found it to be proportional to the square root of 
absolute temperature. Disagreement with theory regarding the intensity 
of the Raman lines at higher temperatures was reported by them, as also 
by Venkateswarlu (1941). So far, the most complete results are those given 
by Nedungadi (1940) who studied the changes in frequency shift and the 
breadth of the more prominent Raman lines in quartz, viz., 127, 207 and 
466 lines at — 180, 25, 100, 200, 300, 410 and 530°C. He also measured 
the total variation in the position of many of the other lines from the lowest 
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to the highest temperature. The extraordinary behaviour of the 207 cm. 
line which broadens out enormously and ultimately disappears as the tempe- 
rature is raised, was pointed out by him. Raman and Nedungadi (1940) 
suggested that this behaviour of the 207 cm. line with rising temperature 
has a special importance in the a-§ transformation of quartz which occurs 
at the transition temperature 575° C. 


2. DETAILS OF THE EXPERIMENT 


The specimen of quartz used for these investigations was a transparent 
piece (}”x 4” x 4"). The heater used and the optical arrangements for 
obtaining the Raman spectra at different temperatures were the same as 
described in Part I of this series. The spectra were excited by A 2536 resonance 
radiations of a quartz mercury arc. As in the experiments with calcite, 
two quartz spectrographs, Hilger El and E3 were employed. The medium 
instrument was used to study the variations in position and width of the 
prominent Raman lines in quartz with the temperature at 85, 300, 338, 378, 
438, 493, 543, 593 and 685° K. With a slit width of 0-04 mm., exposures 
of the order of 2 hours each were necessary to obtain reasonably intense 
spectrograms. With the large El instrument, two pictures, one with the 
crystal at room temperature and the other with the crystal at the highest 
temperature possible were taken in juxtaposition using a Hartmann 
diaphragm, in order to show the effect of temperature on the various Raman 
lines in a clear way. 

3. RESULTS 


Five typical spectrograms taken with the E3 instrument showing the 
variations in the frequency shift and width of the Raman lines in quartz 
with rising temperature are reproduced in Fig. 1 (Plate XXV). The picture 
taken with the large El instrument using a Hartmann diaphragm is repro- 
duced in Fig. 2 (Plate XXVI). 


The measured variations in position and breadth of the three prominent 
Raman lines at 128, 207 and 466 cm." are given in Table I. The changes 
observed in the position of three of the less prominent lines at 265, 357 and 
695 cm.” are contained in Table II. The variations in the width of these 
lines were not large enough to need detailed tabulation. The total changes 
in frequency shift and width for all the important Raman lines in quartz 
along with the proportional change x are given in Table III. 


The microphotometric record of the El spectrogram is reproduced in 
Fig. 3. This shows vividly the influence of temperature on the Raman lines 
in quartz with regard to their position and width, The temperature 
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Fic. 3. Microphotometric record of the Raman Spectrum of quartz taken with El spectrograph 
showing change in position and broadening of the different Raman lines 
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variations in the frequency shift and width of the 128, 207 and 466 lines are 
graphically represented in Figs. 4, 5 and 6. Fig. 7 shows the variation in 
















































































TABLE | 
Temperature variations in the position and width of the prominent Raman lines 
in quartz 
| | vy = 128 cm. vy = 207cm.? | » = 466 cm. 
Tempe | | 
rature °K | Position | Shift | Width | Position] Shift | Width | Position | Shift | Width 
cm, 2 cm. ? | cm.. 2 on: * cm? | cm. cm. onc | ans * 
x sees poe ; ag | | 
85 | 181-5 3-5 4-0 | 218-5 | 11-5 | 8-0 | 468-0 2-0 6-0 
300 | 128-0 0 | 85 | 207 0 | 18 | 466 0 | 1 
338 | 126-5 | 16 | 9-0 | 205-5 | 1-5 20-5 | 465-6 | o-4 | 18 
378 | 12-7 | 8-3 | 10-0 | 203-5 | 3-5 23-0 | 465-2 | 0-8 | 1e-5 
"488 | 14 Bee 11-5 | 201-1 | 6-9 | 28-0 | 465-0 1-0 | 16-5 
493 | 120-0 8-0 | 13-5 | 196-0 | 11-0 | 36-0 | 464+1 1-9 | 19-0 
543 | N68 | 11-2 | 16-0 | 189-8 | 17-2 | 46-0 462-5 | 3-5 | 2265 
508 | (112-7 | 15-3 | 21-0 | 1827 | 24-3 | 58-0 460-2 | 5:8 | 27-0 
085 | 106-1 | 21-9 | 28-0 | 172-6 | 34-4 | 75-0 | 457-0 aces | 35+0 | 
TABLE IT 


Variations in frequency shift observed in some of the other Raman lines 
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» = 265 cm, ? » = 357 cm. ? » = 695 cm. ? 

| Temperature a | | 

| mm Position Shift | Position Shift Position Shift 

cm. cm, 1 cm. | cm. 2 cm." cr. ? 

85 267-2 | 2-2 358-0 1-0 66-0 | 10 
300 25-0 | 0 | 357-0 0 695+0 0 
338 =| (264-0 10 | 357-0 | 0 695-0 0 

| 378 262-5 2-5 | 356-0 | 1-0 | 694-6 0-4 

| 438 262-5 2-5 355-5 1-5 | 694-0 1-0 

| 493 261-5 3-5 354-5 25 | 693-0 2-0 

| 543 259-5 5-5 354-0 3-0 691-8 3-2 

| 593 | 257-0 8-0 352-8 4:2 689-0 6-0 

| | 254-0 351-0 686-0 
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TABLE III 


Total change in frequency shift and width of the important Raman lines 
in Quartz and the proportional change x 





























: : | 
cae Spork | line ne oasi' | Shift dy in | Proportional change | "opeK in’ | “685° in 
= sa 
| ¥300° incm.—? | vggse in cm.~* = | x=(1/y) de/dT | em? cm. 
| | 

| 128-0 106-1 21-9 450 x 1078 8°5 28-0 | 
207-0 172-6 34-4 430 x 1078 18-0 75-0 | 

| 265-0 253-5 11-5 112x 107° 3+5 8-5 

| 357-0 351-0 6-0 43 x 107° 3-0 10-0 
| + 397+0 + 150 | 
| 403-0 J 3+5 J 
466-0 457-0 9-0 50 x 1076 12-0 35-0 | 
| 695-0 686-0 9-0 35 x 1076 6-0 12-0 | 
795-0 ) 4-0 | | 
+ 796-0 18-0 | 
805-0 J 4-0 J | 
| 
1160-0 1156-0 4-0 8-9x 1076 5:0 11-0 | 
| 1228-0 1223-0 5-0 | 98x 107° B+5 13-0 | 











frequency shift of the 357 and 265 Raman lines with temperature. The 
changes in the 695 and other lines, being of the same order are not plotted 
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Fic. 7. Temperature Dependence of the position of the 265 and 357 Raman lines 


It will be evident from the tables that all the Raman lines exhibit 
measurable shifts in their position at high temperatures. This shift is much 
greater in the case of the Raman lines 128, 207, 265 and 466, than in the other 
lines. The greatest diminution is found in the 207cm.-' line which shifts 
by about 46cm.-! from 85° to 685°K. At higher temperatures the line 
broadens out considerably and the measured shifts are only approximate. 
This line sharpens appreciably on cooling from room temperature to that 
| of liquid air as will be seen from Fig. 8. An interesting feature observed on 
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cooling is the apparent splitting up of this line into at least one more compo- 
nent, shown by an arrow in Fig. 8. A careful examination of this point 
is to be made shortly by the author using a larger dispersion spectrograph. 


The 128 and 466 cm.-! Raman shifts are also observed to broaden out 
considerably with temperature, but the Raman lines at 265 and 357 cm.~, 
do not broaden out to the same extent and remain comparatively well defined 
even at high temperatures. The two lines at 395 and 403 cm.-! merge at 
high temperatures into a band extending by about 15cm. The 795 and 
805 cm. lines similarly form a band about 18cm.-! broad. The other 
Raman lines beyond 600cm.~ also are found to broaden appreciably with 
temperature. 

4. DISCUSSION 


Temperature and frequency shift—The variation in frequency shift for 
the different Raman lines is not uniform with temperature. This is evident 
from a consideration of x, the proportional change for the different 
ranges of temperature for each Raman line. x for the 128cm.- line is 
127 x 10-* for the temperature range 85 to 300° K. and 590 x 10-* for the 
range 543 to 685° K. For the 207 cm. line, the x value is 255 x 10-* and 
585 x 10-* respectively for the same ranges of temperature. In the case 
of the 466 cm." line, the value at low temperature range is 20 x 10-* and 
for the high temperature range it is 80 x 10-*. The x value is seen to rise 
with increasing temperature. At low temperatures, it tends to become zero 
but does not actually attain it. For the 207cm.-! line which exhibits re- 
markable temperature variations, the value of x is high even at the low tempe- 
rature range, being as much as 255 x 10-®. This is clearly seen from the 
temperature-frequency shift curves drawn in Figs. 4, 5 and 6. In Fig. 5, 
the curve for the 207 cm.— line is found to have a considerable slope even 
at low temperatures, whereas in Figs. 4 and 6, the curves for 128 and 466 cm. 
lines are found to be almost flat at the corresponding range. The temper- 
ature-frequency shift curves for all the Raman lines are of a similar nature. 
The rate of decrease i.e., — dv/dT is greater at high temperatures. 


The mean x values for the different Raman lines for the temperature 
range 300-685° K. are given in Table III]. The x ranges from 450 x 10-* 
in the case of the 128 cm. line to 8-9 x 10-* in the case of the 1228 cm>! 
line. The general finding that the low frequency oscillations give maximum 
x values and that the high frequency ones give the minimum values is 
observed to hold good in the case of quartz also. Thus we find that the 
lowest frequency shift 128 cm.—? has the highest x value of 450 x 10-*, the 
207 cm.- line has the next highest and so on and the highest frequency shift 
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1228 cm! has the lowest x value of 8-9 x 10-*. Broadly speaking, we 
may divide the Raman lines into four groups with regard to their thermal 
behaviour as indicated by the x’s. They are, (i) those that show very high 
temperature variations, having very high x values of about 400 x 10~, e.g. 
128, 207 cm.-1; (ii) those that show medium y value of about 100 x 10°, 
e.g., 265cm.-!; (iii) those having low y’s of the order of 40 x 10-8, e.g., 
357, 466, 695cm.-!; and (iv) those showing very small temperature varia- 
tions, having the lowest x values of the order of 9 x 10-*, e.g., 1160, 
1220 cm> 


Temperature and width of the Raman lines.—At room temperature, all 
the Raman lines are well defined except the line at 207 cm! which exhibits 
considerable width. On cooling, however, all the Raman lines sharpen 
appreciably. At high temperatures, although all the lines broaden out, the 
broadening is not of the same order in all the lines. The Raman line * 
265cm.! for example, while showing perceptible diminution in frequency 
shift and having a x value of about 100 x 10~-*, does not broaden out to the 
same extent as do the other low frequency lines. This behaviour is exhibited 
by the Raman lines 357 and 395-403 also, the latter merging into one at 
high temperatures. The increase in width for the individual lines at low 
temperature regions is very small compared to the increase at higher tempe- 
ratures. This will be seen from the temperature-width curves (Figs. 4, 5 
and 6) where at low temperatures, the curve tends to flatten up, the slope 
being greater at high temperatures, j.e., dv/dT the rate of change is greater 
at high temperatures. 


The diminution in frequency shift and increase in width of the different 
Raman lines are found to be of comparable order of magnitude, the latter 
being always greater. The variations in frequency shift and width for the 
individual Raman lines are of the same nature, as shown by the similarity 
of the shape of the curves representing these. These suggest that the two 
effects of temperature variation, namely the decrease in frequency shift and 
increase in width of the Raman lines are closely connected with each other, 
as indicated by Sir C. V. Raman (1947). 


It is proposed to make accurate determinations of the total intensity 
of the Raman lines at different temperatures. The peak intensities of the 
lines, however, are found to decrease markedly with rise of temperature. 


In conclusion, the author wishes to express his grateful thanks to Prof. 
Sir C. V. Raman, Kt., F.R.S., N.L., for his valuable guidance and inspiring 
interest in this investigation. 
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SUMMARY 


The Raman spectrum of quartz has been studied at a series of nine 
temperatures from 85° to 685° K. Data regarding the variations in frequency 
shift dv, breadth and the proportional change d!log v/dT are furnished for 
twelve of the important Raman lines of quartz. The proportional change 
is found to decrease progressively with the frequency shift of the Raman 
line, being highest for the low frequency lines and lowest for the high fre- 
quency ones. The temperature-frequency shift and the temperature-width 
curves for the individual Raman lines show similar characteristics, tending 
to flatten up at low temperatures and the rate of change being greater at 
high temperatures. The peak intensity of the Raman lines is also found to 
decrease markedly with rising temperature. 





REFERENCES 
1. Landsberg and Leontowitsch .. Zeit. f. Phys., 1929, 53, 439. 
ya and Mandelstam .. Ibid., 1929, 58, 250; 1930, 60, 364. 
3. Brickwedde and Peters .. Phys. Rev. 1929, 33, 116. 
4. Ney .. Zeit. f. Phys., 1931, 68, 554. 
5. Ornstein and Went .. Physica, 1935, 2, 503. 
6. Went .. Doctorate thesis, Utrecht, 1935. 
7. Nedungadi, T. M. K. .. Proc. Ind. Acad. Sci. A, 1940, 11, 86. 
8. Venkateswarlu .. Ibid., 1941, 14, 529. 
9. Raman and Nedungadi .- Nature, 1940, 145, 147. 
10. Raman, C, V. .. Proc. Ind. Acad. Sci. A, 1947, 26, 339. 
4 


1026-47 Printed at The Bangalore Press, Bangalore City, by G. Srinivasa Rao, Superintendent 
and Published by The Indian Acadamy of Seieneces, Bangalore. 














Amin, H. V. 

Anand, Nity, and 
Venkataraman, K. 
Balakrishna, K. J., and 

Seshadri, T. R. 


Bhagavantam, S., and 
Suryanarayana, D. 


Chandrasekharan, V. 


Dharmatti, S. S. 
Doss, K. S. G. 
Dutt 


Karmarkar, K. R. 


Khanolkar, D. D. 
Krishnan, R. S. 


Kumar, Abhaya 

Mallik, A. K. 

Murti, V. V. Sreerama, 
Rao, K. Visweswara, 
and Seshadri, T. R. 

Narayanaswamy, P. K. 


Nayar, Bal Kishore K. 





INDEX TO VOI... XXVI (A) 


AUTHORS’ INDEX 


See Prasad and others. 
Synthetical experiments in the chromone group, XXII, 
279. 


Chemical examination of jack tree latex and jack fruit 
gum, I, II, 46, 203. 

Colouring matter of tambul seeds, II, III, IV, V, 72, 
214, 234, 296. 

Photo-elastic effect in crystals. A new result for the 
T, class, 97. 

The scattering of polarised light beams in birefringent 
solids, 110. 

See Prasad and others. 

See Subramhanya and others. 

See Parihar and Dutt. 

A new theorem on the transformability of a line- 
element into the spherically symmetric form, 52. 

See Prasad and others. 

The scattering of light in diamond and its Raman 
spectrum, 399. 

The Raman spectrum of rocksalt and its interpreta- 
tion, 419. 

Raman spectrum of ammonium chloride and its 
variation with temperature, 432. 

Raman spectrum of alumina and the luminescence 
of ruby, 450. 

The Raman effect in topaz and its relation to the 
luminescence spectrum, 460. 

See Singh and Kumar. 


See Ramdas and Mallik. 
Nuclear oxidation in the flavone series, VII, 182. 


Raman spectra of methyl alcohol, ethyl alcohol and 
n-heptane, 121. 

Influence of temperature on the Raman spectra of 
crystals, I, II, 511, 521. 

See Singh and Nayar. 


531 





Parihar, D. B., and Dutt, S. 


Prasad, Mata, Dharmatti, 
S. S., and Amin, H. V. 

Prasad, Mata, Dharmatti, 
S. S., and Khanolkar, 
D. D. 


Rajagopalan, C. 


Rajagopalan, S., Rao, K. 


Visweswara, and Seshadri, 


Tt. RB 
Ramachandran, G. N. 


Ramanathan, A. 
Ramanathan, K. G. 


Raman, C. V. 


Ramdas, L. A., and 
Mallik A. K. 

Rao, B. Sanjiva 

Rao, B. S. Madhava 

Rao, K. Venkateswara, 
Rao, K. Visweswara, 
and Seshadri, T. R. 

Rao, K. Visweswara 


Rao, K. Visweswara, and 


Seshadri, T. R. 


Rao, N. V. Chalapathi, 


Seshadri, T. R., and 
Venkateswarlu, V. 
Rao, N. V. Subba, and 

Rao, V. Subba 


532 


Chemical examination of the seeds of Dodonaea 
viscosa. Isolation of dodonin, dodogenin and a 
fixed oil, 56. 

Chemical examination of the essential oil of Artemesia 
scoparia Waldst. and Kit, 92. 

Diamagnetic susceptibilities of magnesium and zinc 
ions, 312. 

Diamagnetic susceptibility of lead ion, 328. 


Studies in charnockites from St. Thomas Mount, 
Madras, II, 237. 
Nuclear oxidation in the flavone series, VI, 18. 


Birefringence of crystals and its temperature-variation 
I, Il, 77, 114. 

Maximal-Hausdorff spaces, 31. 

The infra-red absorption spectrum of diamond and 
its variations, 469. 

The emission and absorption spectra of luminescent 
diamonds, 479. 

Dynamical theory of the vibration spectra of crystals, 
I, II, I, IV, 481, 493, 500, 507. 

The vibration spectra of crystals, I, II, lil, IV, V, VI, 
339, 356, 370, 383, 391, 396. 

Studies on soils, ITI, 1. 


See Subramhanya and others. 
Generalised algebra of elementary particles, 221. 
Nuclear oxidation in the flavone series, V, 13. 


See Rao and others. 

See Rajagopalan and others. 

See Murti and others. 

Nuclear oxidation of euxanthone, 288. 


Constitution of gossypin, III, 292. 


Some analogues of phthalein dyes from succinic and 
maleic acids, 299. 


Chemical examination of plant insecticides, IV, 43. 








Rao, V. Subba 
Rao, V. Subba, and 
Seshadri, T. R. 


Seshadri, T. R. 


Seshadri, T. R., and 
Venkateswarlu, V. 
Shrivastava, Hiralal 


Singh, B. K., and Kumar, 
Abhaya 


Singh, B. K., and Manhas, 
K. M. S. 

Singh, B. K., and Nayar, 
Bal Kishore K. 


Sreeramarao, M. 


Subramhanya, R. S., Doss, 
K. S. G., and Rao, B. 
Sanjiva 

Suryanarayana, D. 

Venkataraman, K. 

Venkateswarlu, P. 

Venkateswarlu, V. 


533 


See Rao and Rao. 
Kamala dye as an anthelmintic, 178. 


See Balakrishna and Seshadri. 

See Chalapathi and others. 

See Murti and others. 

See Rajagopalan and others. 

See Rao and others. 

See Rao and Seshadri. 

Synthesis of 5-hydroxy-flavonols, 189. 


Physico-chemical studies with aqueous fluoride solu- 
tions, II, 167. 

Chemical examination of Helianthus annus Linn. 
The component fatty acids and the probable 
glyceride structure of the seed oil, 205. 

Studies on the dependence of optical activity on 
chemical constitution, XXVIII, 61. 

The refractive dispersive power of organic compounds 
I, 261. 

Studies on the nature of racemic. modification of 
optically active compounds, VII, 271. 

Geology and petrography of the Bezwada and 
Kondapalle Hill ranges, II, 133. 

Rubin numbers, 197. 


See Bhagavantam and Suryanarayana. 
See Anand and Venkataraman. 
Emission bands of halogens, V, 22. 
See Chalapathi and others. 

See Seshadri and Venkateswarlu. 








TITLE INDEX 


Artemesia scoparia Waldst. and Kit, essential oil, chemical examination (Parihar 
and Dutt), 92. 


Bezwada and Kondapalle Hill ranges, geology and petrography, II (Sreeramarao), 
132. 

Birefringence of crystals and its tenrperature-variation, I, II (Ramachandran), 77, 
114. 

Charnockites from St. Thomas Mount, Madras, studies, II (Rajagopalan), 237. 

Chromone group, synthetical experiments, XXII (Anand and Venkataraman), 279. 

Crystals, photo-elastic effect (Bhagavantam and Suryanarayana), 97. 

Diamagnetic susceptibilities of magnesium and zinc ions (Prasad and others), 312. 

Diamagnetic susceptibility of lead ion (Prasad and others), 328. 

Diamond, the infra-red absorption spectrum, and its variations (Ramanathan), 469. 

Diamonds, luminescent, the emission and absorption spectra (Ramanathan), 479. 

Dodonea viscosa, seeds, chemical examination (Parihar and Dutt), 56. 

Euxanthone, nuclear oxidation (Rao and Seshadri), 288. 

Flavone series, nuclear oxidation, V (Rao and others), 13; VI (Rajagopalan and 
others), 18; VII (Murti and others), 182. 

Flavonols, 5-hydroxy-, synthesis (Seshadri and Venkateswarlu), 129. 

Fluoride solutions, aqueous, physico-chemical studies, [I (Shrivastava), 167. 

Gossypin, constitution, III (Rao and Seshadri), 292. 

Halogens, emission bands, V (Venkateswarlu), 22 

Helianthus annus Linn., chemical examination (Singh and Kumar), 205. 

Insecticides, plant, chemical examination, IV (Rao and Rao), 43. 

Jack tree latex and jack fruit gum, chemical examination, I, II (Balakrishna and 
Seshadri), 46, 203. 

Kamala dye as an anthelmintic (Rao and Seshadri), 178. 


Line-element, transformability, into the spherically symmetric form,anew theorem 
(Karmarkar), 52. 


Optical activity, dependence, on chemical constitution, studies, XXVIII (Singh and 
Manhas), 61. 


Optically active compounds, racemic modification, studies on the nature, VII 
(Singh and Nayar), 271. 


Particles, elementary, generalised algebra (Rao), 221. 


Phthalein dyes from succinic and maleic acids, some analogues (Rao and others), 
299. 


Raman effect in topaz and its relation to the luminescence spectrum (Krishnan), 
460. 


934 





od 


nd 


Tl 


n), 





535 


‘Raman spectrum of ammonium chloride and its variation with temperature 
(Krishnan), 432. 

Raman spectrum of alumina and the luminescence of ruby (Krishnan), 450. 

Raman spectra of crystals, influence of temperature, I, II (Narayanaswamy), 511, 
521. 

Raman spectra of methyl alcohol, ethyl alcohol and n-heptane (Narayanaswamy), 
121. 

Raman spectrum of rocksalt and its interpretation (Krishnan), 419. 

Refractive dispersive power of organic compounds, I (Singh and Nayar), 261. 

Rubin numbers (Subramhanya and others), 197. 

Scattering of light in diamond and its Raman spectrum (Krishnan), 399. 

Scattering of polarised ligh beams in birefringent solids (Chandrasekharan), 110. 

Soils, studies, III (Ramdas and Mallik), 1. 

Spaces, maximal-Hausdorff (Ramanathan), 31. 

Tambul seeds, colouring matter, II, III, [V, V (Balakrishna and Seshadri), 72, 
214, 234, 296. 

Vibration spectra of crystals, I, I], II, IV, V, VI (Raman), 339, 356, 370, 383, 391, 
396. 

Vibration spectra of crystals, dynamical theory, I, Il, IfI, I1V (Ramanathan), 481, 
493, 500, 507. 














NOTICE TO AUTHORS 


Scientific papers intended for publication in the Proceedings of the In.ian 
Academy of Sciences can be accepted only when they are communicated by a 
Fellow of the Academy whose duty shall be to satisfy himself that such communi- 
cations are fit to be read at the Meeting of the Academy and published in its 
Proceedings. 

Papers should not ordinarily exceed fifty pages of foolscap. MSS. should 
be either typewritten or written in legible hand on one side of the paper. All 
papers should be carefully revised by the authors and should be absolutely in final 
form for printing. Position for text-figures should be indicated. Each paper 
shall conclude with a critical summary not exceeding 350 words. 

Drawings, diagrams or other illustrations should be made on larger scale 
(preferably twice the size) than the ones in which they are intended to appear. 
Thev should be done in Indian ink on bristol board with lettering in pencil. Scale 
of magnification of camera lucida tracings should be indicated by the side of 
drawings. In certain special cases arrangements will also be made for mono- 
chrome lithographic and other colour plates. Reduction of illustrations desired 
should be indicated in pencil. Appropriate legends should accompany all drawings. 
Names of authors are to be marked in pencil on the left-hand corner of drawing 
sheets. Photomicrographs should be securely mounted with colourless paste. 

All tables, quotations and footnotes which will be set hereafter (beginning 
from Vol. I, No. 2) in types smaller than the text, should be typewritten on sepa- 
rate sheets and placed with the text in proper sequence. Footnotes should be 
numbered in Arabic numerals. 

References to literature in the text should be given, whenever possible, in 
chronological order, only the names of authors and years of publication, in 
brackets, being given. They should be cited in full after the summary, the 
authors’ names following in alphabetical order. Thus, 

Name or Names of authors; Name of Journal (abbreviation) with a single 
underline; Year of publication; Number of volume with a double underline, and 
lastly page. The following would be a useful illustration :— 

Bergmann and Stather........ Z. Physiol. Chem., 1926, 152, 189. 

Two copies of slip-proof and wherever possible, a page proof for final 
revision will be sent to authors. All corrections are best made on the slip-proof 
which should be transmitted to the Office of the Academy. All proof corrections 
involve heavy expenses which would be negligible if the papers are carefully 
revised by the authors before submission. 

Authors will be supplied with reprints of their papers at cost price, if 
intimation is given at the time of returning the slip-proof. 

All the blocks printed in the Proceedings will be offered to the respective 
authors at a price of 25% of the actual cost of preparing the blocks pius the 
packing and postal charges or railway freight to be incurred for despatching 
them, it being understood that authors should give due acknowledgment to the 
Academy whenever such blocks are reproduced in other journals. 

The original drawings and plates of blocks appearing in the Proceedings 
will be returned to such of the authors as may require them provided the cost 
of despatching such originals is borne by them. 








CONTENTS 


The Vibration eet: of Crystals. Part I. Basic Theory 
: ; “7-3 . % Sir C, V. RAMAN 


The Vibration ee of ‘eset Part II. The Case of Diamond 


‘ —e Sir C, V. RAMAN 
The Vibration Spectra of Crystal Part III. Rocksalt 
, ; ‘ Sir C, V. RAMAN 


The Vibration Spectra of iodine. Part. IV. Magnesium Oxide 
; ‘ te See Sir C. V. RAMAN 


The Vibration Spectra of Crystals. Part V. Lithium and Sodium 
DE 6 wh ee eS eg me ve i a ee 


The Vibration Spectra of Crystals. Part VI. Sylvine . 
yy eke tego oceans six'C, V. RAMAN 

The Scattering of Light in Diamond and Its Raman Spectrum 
: 4 . oe , Dr. R. S. KRISHNAN 

The Raman Spectrum of Rocksalt and Its Interpretation 
Dr. R. S. KRISHNAN 
Raman Spectrum of Ammonium Chloride and Its Variation with 
po ee ee ee ee Dr. R. S. KRISHNAN 
Raman Spectrum of Alumina and the Luminescence of Ruby 
, Dr. R. S. KRISHNAN 
The Raman Effect in Topaz and Its Relation to the Luminescence 
Geectrmm . . - 5 + « «+ « + « « OR ROS. Reasan 
The Infra-Red stati Spectrum of Diamond and _ Its 
Variations . . a eae es 
The Emission and Absorption Spectra of Luminescent Diamonds 
de Te Werte Aes . “K. G. RAMANATHAN 
Dynamical Theory of the Vibration Spectra of Crystals. Part I. 
Diamond. . . «+. . + «. « ‘© « o KG. RAMANATHAN 
Dynamical Theory of the Vibration Spectra of Crystals. Part II. 
The Rocksalt Structure. . . . . . . K.G. RAMANATHAN 
Dynamical Theory of the Vibration Spectra of Crystals. Part III. 
The Cesium Chloride Structure . . . K. G. RAMANATHAN 


Dynamical Theory of the Vibration Spectra of Crystals. Part IV. 
The Metallic Crystals . . .... K. G. RAMANATHAN 


Influence of Temperature on the Raman Spectra of Crystals. Part I. 
Calcite . . « «© 2. +s . . © « BP. K. NARAYANASWAMY 


Influence of Temperature on the Raman Spectra of Crystals. 
Part II. Quartz . ... . . . . P.K.NARAYANASWAMY 


[oe 


eae 








